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ABSTRACT
Hydrogen is considered as an environmentally friendly storage medium for renewable
energies and has attracted extensive attention, since it can provide 2.5 times as much energy
per unit mass as fossil fuels, and provide hazard-free products. As an effective method for
hydrogen production, the proton exchange membrane electrolyzer cell (PEMEC) provides
a number of advantages: rapid response to the power input, compact system design, high
purity product (up to 99.995%), high operation current density (above 2 A/cm2), and high
operation pressure (up to 350 bar). Due to insufficient performance and high cost of
PEMEC stacks, the use of hydrogen as large-scale energy storage with PEMECs has been
limited so far. Thus, low-cost and high-efficiency PEMECs are highly desirable to establish
a clean and sustainable energy infrastructure. To bridge the gap between lab-scale and
industrial hydrogen productions, the main objectives in this research include: (1) Exploring
the possibility of application of metallic additive manufacturing (AM) on PEMECs. (2)
Integrating the components of PEMECs into one part with better performance and compact
system design by using AM technologies. (3) Bipolar plate development with AM and
protective coating for durable and high-efficiency PEMECs. (4) Combination of AM nonconductive bipolar plate with thin film liquid/gas diffusion layers for low-cost hydrogen
production. (5) Developing conductive mesoporous bi-material catalysts with ultra-high
reaction sites and efficiency for oxygen evolution reaction in PEMEC by using advanced
manufacturing. Those bipolar plates and membrane electrode assemblies (MEAs) with
excellent electrochemical performance and low cost will open a pathway for developing
v

widely available water electrolyzers or other energy conversion devices, such as batteries,
solar cells, and fuel cells.
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CHAPTER I
INTRODUCTION
1.1 Overview
Today, the world’s population is over seven billion and is continuing to increase, which
will result in more than doubled energy consumptions[1, 2]. So far, primary energy
resources rely on the non-renewable fuels, such as coal, natural gas, and petroleum [3].
Those fossil fuels release hazard products and will be exhausted eventually [4-10].
Therefore, clean renewable energy resources, including solar, wind, and tide, were
considered as promising alternatives to achieve a sustainable energy infrastructure[11]. But
the intermittence of those sources will cause the destabilization of electricity grids, which
require an efficient large-scale energy storage solution to bridge the supply and demand[11,
12]. Hydrogen is considered as an environmentally friendly energy storage medium for
renewable energies and has attracted extensive attention, since it can provide 2.5 times
more energy per unit mass than fossil energy and provide hazard-free products[4-10].
Nowadays, hydrogen is mainly generated by steam reforming of fossil fuels or coal
gasification, but those methods can only produce low purity hydrogen with a high
concentration of carbonaceous species while also causing toxic gas emissions[1, 8, 13].
Notably, stream reforming still highly depends on fossil fuels and does not help to establish
the “carbon-balanced” energy matrix[8]. Splitting water into hydrogen and oxygen though
water electrolysis is one of the most convenient methods for hydrogen production [14-19].
1

It mainly includes alkaline water electrolysis[20], solid oxide electrolysis (SOEC)[21], and
proton exchange membrane or polymer electrolyte membrane water electrolysis
(PEMWE)[22]. Alkaline water electrolysis is a commercially mature technology with the
advantages of low cost and long-term stability. But its low partial load range, low current
density and low operation pressure remain issues. SOEC can work at high current density
with good partial load range and high gas purity in compact cells. However, its potential
for large scale hydrogen production is hampered by the durability in acidic corrosive
environments and the high cost of ceramic material[8]. Among those water splitting
methods, the PEMWE developed by Russell in 1973 provides a number of advantages:
rapid response to the power input, compact system design, higher purity product (up to
99.995%), high operation current density (above 2 A/cm2), and high operation pressure (up
to 350 bar)[7, 17, 23-28]. The reaction for all different water electrolysis methods is the
same[8]:
−1
−1
2𝐻𝐻2 𝑂𝑂(𝑙𝑙) + ��
474.4
𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚
+ 97.2
𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚
→ 2𝐻𝐻2 + 𝑂𝑂2
�����
����
������
���
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(1-1)

ℎ𝑒𝑒𝑒𝑒𝑡𝑡

But the reactions at cathode and anode are different for different methods. For PEMWE
in pure water:
Anode reaction:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

2𝐻𝐻2 𝑂𝑂 �⎯⎯⎯⎯⎯� 4𝐻𝐻 + + 𝑂𝑂2 + 4𝑒𝑒 −

(1-2)

Cathode reaction:

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

4𝐻𝐻 + +4𝑒𝑒 − �⎯⎯⎯⎯⎯� 2𝐻𝐻2

(1-3)
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And the proton exchange membrane electrolyzer cell (PEMEC) for PEMWE typically
consists of catalyst coated membrane (CCM), bipolar plates (BPs) and liquid/gas diffusion
layers (LGDLs), gaskets, current distributors, and end plates at anode and cathode sides,
as shown in Figure 1. And a membrane electrode assembly (CCM) include two LGDLs
and CCM. So far, the use of H2 as large-scale energy storage with PEMWE has not been
established due to the high cost of PEMEC stacks and high electrical energy cost [29].
Therefore, low-cost and high-efficiency PEMECs are highly desirable to lower the price
of hydrogen production.

Figure 1. Schematic of a PEMEC.

3

1.2 Background and literature review
The crucial components in PEMECs include CCM, BP and LGDL, as shown in Figure 2.
The CCM is a proton exchange membrane (e.g., Nafion®) coated with two catalyst layers
(CLs) for proton/electron transport, oxygen and hydrogen evolution reaction[30, 31]. The
LGDLs, mainly made of titanium and carbon fiber, are sandwiched between CLs and BPs,
and are expected to function at the minimum voltage, fluidic, and heat losses under a severe
electrochemical environment[32, 33]. The BPs, also called flow field plates or separator
plates, ensure proper distribution of water and gas, and allow conduction of electrical
current through the cell.
At the anode side of PEMECs, the water diffuses from BP to CL through LGDL and
then splits into protons, oxygen and electrons (Figure 2). Electrons transport from CL to
BP through the LGDL, and protons transport from anode to cathode CL through PEM. At
the cathode side, the electrons transport from BP through LGDL to CL and react with
protons to form hydrogen. Thus, there is a reducing environment full of hydrogen with a
low potential, BPs and LGDLs are seldom corroded[34]. For the anode side, the thermoneutral voltage of the PEMECs at room temperature is ~1.48 V, while the operating voltage
could be over 2.00 V at a high current density and hydrogen-producing rate. And the
fluorinated polymer with sulfonic acid side chains in the CCMs will cause a strong acidic
environment[29, 35, 36]. Thus, the components in an oxygen rich anodic ambient, where
the pH is low and the potential is high, will be easily corroded or oxidized to form oxide
layers.
4

Figure 2. Mass, proton and electron transport path in PEMECs.
5

BPs usually account for up to 50% of the cost and 60% of the weight of PEMECs [8,
34, 37, 38]. For an electrolyzer with13 kg/day hydrogen production, the stacks account for
over half the capital cost, and the BPs represent 48% of the stack cost. For BP
manufacturing in large batches, the cost of labor, tooling and machining is almost the same
as the material fee, and is even greater in small batches [39]. BPs are typically
manufactured from bulk graphite, stainless steel (SS) and Ti [40-42]. SS is considered to
be a low-cost material for PEMECs compared with Ti; it has both good mechanical
properties and electrical conductivity compared with graphite, but anodic corrosion is
problematic [37, 43, 44]. Thus, the cost/time-effective design, manufacturing, and
optimization of plates with complex flow channels remain some of the important
challenges for the cost reduction of hydrogen energy devices [8, 45, 46]. With the purpose
of reducing the cost of BPs, cheaper materials like aluminum, SS and copper were used,
but those materials will be easily corroded at a highly oxidative anode environment as
mentioned in the previous part [29, 42].
Another possibility to reduce the hydrogen production cost is to improve the
performance and efficiency of PEMECs. In PEMECs, the overall overpotential mainly
includes activation and ohmic overpotential at the current range of water electrolysis (0 –
2 A/cm2); the mass transport overpotential can be neglected[47]. Researchers have reported
that an ongoing challenge in PEMECs stack design is to reduce or eliminate interfacial
contact resistance (ICR) between components such as BPs, LGDLs, CLs, and CDs, in order
to reduce the ohmic overpotential and increase the efficiency and performance of stacks
6

[48-50]. ICR is of great importance for the performance of PEMECs or PEMFCs, and the
target of US Department of Energy is 20 mΩ∙cm2 [40, 42, 51]. A higher ICR will lead to a
faster increase in working voltage with the increment of working current density, and the
efficiency will be reduced [10]. When the aforementioned cheap metal materials are used
in PEMECs, the corrosions at acidic environment in PEMECs can not only lead to the
damage of the plate structure but can also result in the increase of ICR and contamination
of the CCMs, especially for SS materials [8, 40, 52-54]. For instance, SS typically contains
Cr, which will be oxidized into a passive layer of Cr2O3, particularly at the anode of
PEMECs. Then the passive layer will lead to a higher interfacial contact resistance (ICR).
Several strategies have been proposed to solve this problem by coating precious metal (Pt,
Au et. al) and abundant metal (Ti, Ni, et. al) on the surface of BPs and LGDLs[8, 29, 34].
The coating layers can modify the surface morphology, diminish the ICR between mating
parts, and increase the lifetime of BPs [34, 55, 56]. But these coatings increase the cost of
PEMECs because of complex deposition processes and expensive materials. Kang et. al
developed a novel titanium thin/tunable liquid/gas diffusion layer (TT-LGDL), which also
resulted in the reduction of the ohmic and activation losses during water electrolysis [56,
57]. Besides, when cells are scaled up to stacks, assembling the large number of
components is very time intensive and requires exacting control. Therefore, simplifying
the components design and configuration in PEMECs with low cost and high efficiency is
desired.
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Researchers are also working on reducing the activation overpotential by developing
novel electro-catalysts. The oxygen evolution reaction (OER) at anode in water splitting is
a four-electron/four-proton coupled reaction, which requires a higher overpotential, and its
slow kinetics greatly limit the hydrogen production [3, 58-60]. At the moment the widely
used commercial OER catalysts are still made of precious metals, including Ir and Ru,
which provide good OER catalytic activity and stability [3, 59, 61, 62]. Nevertheless, their
wide applications for hydrogen economy are limited by the scarcities and the associated
high cost. So far, breakthroughs have been made regarding the discovery of
perovskites[63], Co, Mo[64], Ni[65] and Fe[60] as the catalyst alternative, which can break
the limitation of scarcity of noble metals, but their performances, such as the activation
kinetics, overpotential, durability, etc. are still not desirable.
For PEMECs, the OER only occurs on the “triple-phase boundaries” (TPBs), where the
electrolyte, water, and electrically connected catalyst are in contact [66, 67]. Furthermore,
the in-plane ohmic resistivity of the CL is extremely large (~1000 times) compared to PtB
CL for hydrogen evolution reaction (HER) and metal layers, which limit the
electrochemical reaction locations to only in 1D sites (at the edge of LGDL), and leads to
a waste of the middle regions of the CL and a higher activation overpotential [12, 67]. The
1-dimensional (1D) reaction sites need to be enlarged to 2D in order to increase the
volumetric catalyst activity and reduce the cost. Carbon based materials (graphene and
carbon nanotubes (CNTs), carbon paper), Ti based particles, and Sn based and W based
materials were used as support for catalyst, but most research focused on enhancing the
8

support–electrocatalyst interaction[25, 68]. Moreover, for a conventional electrochemical
catalyst testing, the three electrode assemblies with a thin film rotating disk electrode
(RDE) are usually employed. The catalyst is mixed with conductive materials such as
carbon particles[63], or the RDE is made of glassy carbon[64]. Those conductive
electrodes ignored the impact of resistivity of electrode. But during the real catalytic
reaction in full cells, the electrical conductivity of catalyst is essential for their
electrochemical performance, and cannot be neglected. Following this line of inquiry, it is
necessary to develop and investigate conductive catalysts without sacrificing
electrochemical activity. To the best of our knowledge, little research has been done to
study the electronic and protonic conductivity of CLs.
Additive manufacturing (AM) technology, also called 3-dimensional (3D) printing, is a
process to produce 3D parts layer by layer with freeform fabrication from the late
1980s[69-72]. It is an economical and prompt method in aerospace[73], energy conversion
devices[19, 32, 74, 75], automotive[76], medical[77] and other industries manufacturing
now[78, 79]. AM can produce parts of anfractuous and complex structures, including
intricate internal features, lattice structures, and honeycomb structures, with few postprocessing and zero raw material waste from 3D CAD model[70, 80]. Due to those
advantages, AM has received significant attentions in electrochemical sciences[32, 81].
Cronin et al. tried to print plastic BP, which is coated with Ag and Au, but the voltage
reached 2.5 V at 1 A/cm2 [12]. Mo et al. fabricated LGDL from Ti using electron beam
melting (EBM); however, the pore size and the performance were still not good[32].
9

Several researchers also tried to fabricate BPs for energy devices from carbon and plastic
materials with AM. But dimensional shrinkage and structural inaccuracy as a result of
curling, and high voltage at certain current densities remain unsolved issues [82-84]. Based
on the current processes on PEMECs discussed above, developing low-cost and highefficiency PEMECs with AM technologies still remains an unexplored area.

1.3 Motivation and objectives
Low-cost and high-efficiency PEMECs are highly desirable to establish a clean and
sustainable energy infrastructure, which serves as the motivation of this work to develop
AM PEMECs. The main objectives include:
1. Explore the possibility of application of metallic AM on PEMECs
2. Integrate the components of PEMECs into one part with better performance and
compact design by using AM technologies
3. Develop bipolar plates with additive manufacturing and protective coating for
durable and high-efficiency PEMECs
4. Combine AM non-conductive bipolar plate with thin film liquid/gas diffusion layers
for Low-Cost Hydrogen Production
5. Develop conductive mesoporous bi-material catalyst with ultra-high reaction sites
and efficiency for OER in PEMECs by using advanced manufacturing methods

10
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CHAPTER II
ADDITIVE MANUFACTURED BIPOLAR PLATE FOR HIGHEFFICIENCY HYDROGEN PRODUCTION IN PROTON
EXCHANGE MEMBRANE ELECTROLYZER CELLS
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A version of this chapter was originally published by Gaoqiang Yang:
Gaoqiang Yang, Jingke Mo, Zhenye Kang, Frederick A. List, Johney B. Green,
Sudarsanam S. Babu, and Feng-Yuan Zhang. "Additive manufactured bipolar plate for
high-efficiency hydrogen production in proton exchange membrane electrolyzer cells."
International Journal of Hydrogen Energy 42, no. 21 (2017): 14734-14740.
I am fully responsible for the work submitted in these publications.

2.1 Abstract
Additive manufacturing (AM) technology is capable of fast and low-cost prototyping from
complex 3D digital models. To take advantage of this technology, a stainless steel (SS)
plate with parallel flow field served as a combination of a cathode bipolar plate and a
current distributor; it was fabricated using selective laser melting (SLM) techniques and
investigated in a proton exchange membrane electrolyzer cell (PEMEC) in-situ for the first
time. The experimental results show that the PEMEC with an AM SS cathode bipolar plate
can achieve an excellent performance for hydrogen production for a voltage of 1.779 V
and a current density of 2.0 A/cm2. The AM SS cathode bipolar plate was also characterized
by SEM and EDS, and the results show a uniform elemental distribution across the plate
with very limited oxidization. This research demonstrates that AM method could be a route
to aid cost-effective and rapid development of PEMECs.
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2.2 Introduction
Hydrogen is playing an increasingly crucial role as an energy carrier in the near future
economy, due to its high energy density and environment-friendly product [1-7]. However,
more than 90% of the world’s hydrogen is produced from fossil fuels, including petroleum
and coal, which would lead to the increase of greenhouse gases [8]. Water electrolysis is
considered an efficient and promising alternative to the conventional reformulation method
for hydrogen production, and proton exchange membrane electrolyzer cells (PEMECs)
offer a number of advantages for this process including higher purity of hydrogen, high
working current, capability of producing compressed gases (>200 bar) for direct using or
storage, quick response to current change, and easy maintenance[1, 9-13]. Due to these
advantages, PEMECs have attracted significant attention for electrolysis of water recently.
However, there are several key challenges for the wide commercialization of PEMECs,
including cost, performance, and durability [3, 14, 15]. Bipolar plates with flow channels,
which distribute the reactants/products and conduct the current, are indispensable
components in PEMECs. It has been estimated that the bipolar plates account for 40%51% of the overall cost of the PEMECs [16-18]. The electric contact resistance between
the bipolar plates and current distributors also contributes to the overall performance of the
cells [19]. And the time required for designing/manufacturing new bipolar plates with
complex flow channels is another challenge for PEMECs, due to the difficulty of managing
the mass transport through the bipolar plate[20, 21]. Furthermore, the mechanical
properties, weight and volume of bipolar plates are also influenced by the manufacturing
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process. Thus, the development of low-mass, cost-effective bipolar plates s has been
desired focus for PEMECs.
Additive manufacturing is an emerging manufacturing technology, which can rapidly
produce items with anfractuous and complex structures, such as intricate internal features
(lattice structures and honeycomb structures), with little post-processing and nearly zero
raw material waste from 3D CAD models [4, 22]. For some special remote locations,
including aircraft carriers, submarines and space stations, AM offers the option for sitemade components. The nature of AM allows fast fabrication of lighter weight, lower cost
PEMECs for future developments. Due to its relatively low cost and moderate mechanical
strength, stainless steel (SS) is considered an alternative to other materials, such as titanium
and graphite in PEMFC/EC applications [23]. For SS bipolar plates at the anode side of a
PEMEC, a high corrosion-resistant protective layer may need to be applied by chemical
vapor deposition, physical vapor deposition, or chemical and electrochemical techniques
due to the harsh environment; possible coatings for this application include Au, Au/Ni,
TiN, Ti/Pt, SnO2, and CrN[15, 24-26]. Researchers have shown that the corrosion of
untreated SS bipolar plate at the cathode side is much less intense than that at the anode
side, so it is suitable to use SS at cathode side [12, 25]. In this paper, the SLM approach
was used to co-manufacture the bipolar plate and current distributor as a single part with
SS 316L. Both in-situ and ex-situ investigations of the AM metallic bipolar plates in
PEMECs were performed. Uniform element distributions of AM metallic components and
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excellent PEMEC performances demonstrated the AM technique could be used as an
alternative, low-cost, and rapid approach for PEMEC developments.

2.3 Experimental details
The AM SS plate was designed by SolidWorks 2016 software, and the design was exported
as a .STL file. The resulting model was sliced and processed for building by Materialise
Magics 20. A Renishaw AM250 laser powder bed printer was used to fabricate the cathode
bipolar plate with the SLM technique. And the schematic of the SLM technique is shown
in Figure 3a, the roller carried SS powders from the powder delivery system to form a
powder bed at the platform, and the laser selectively melted the powder. This process was
repeated layer-by-layer until the bipolar plate was completed. The spherical 316L powder
used for the build was supplied by Renishaw and had a size range of 15-45 µm diameter.
The specified elemental composition of the powder, as shown in Figure 5, is 18 wt.% Cr,
12.9 wt.% Ni, 2.4 wt.% Mo, 1.45 wt.% Mn, 0.75 wt.% Si, 0.1 wt.% Cu, 0.1 wt.% N, 0.04
wt. % O, 0.03 wt.% C, 0.02 wt.% P, 0.009 wt. %S, balance Fe. The surface of additive
manufactured plates was rough due to the printing trace and the melt pool. In order to
accomplish a better plate performance, the plate was mechanically polished with different
grades of grinding papers (SiC grindings paper #250-1200, BUEHLER).
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Figure 3. (a). Schematic of SLM technology. (b) Configuration of AM PEMEC, 1anode end plate, 2- anode current distributor, 3- graphite bipolar plate, 4- anode
gasket, 5- Ti felt LGDL, 6- CCM, 7- carbon paper LGDL, 8- cathode gasket, 9- AM
SS bipolar plate, 10- cathode end plate.
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The AM SS bipolar plate was characterized by Scanning Electron Microscopy (SEM)
and Energy Dispersive Spectrometry (EDS). The surface morphologies of the bipolar plate
before and after polishing were identified by using a field emission SEM JEOL JSM-6320F
with an accelerating voltage of 0.5 – 30 kV, a magnification of 130 x~650,000 x and a 5axis specimen mount. The element distribution spectrum was recorded by the EDS
detector. The EDS detector is an EDAX Octane plus Silicon Drift Detector that works in
tandem with EDAX's TEAM EDS software analysis system.
The configuration of the AM PEMEC in this study is shown in Figure 3(b). A
commercial catalyst coated membrane (CCM) from FuelCellsEtc contains a Nafion® 115
membrane, 3.0 mg/cm2 IrRuOx - Iridium Ruthenium Oxide loading at the anode and 3.0
mg/cm2 Pt - Platinum Black loading at the cathode with an active area of 5 cm2. The AM
SS bipolar plate served as the cathode bipolar plate and distributor, the anode bipolar plate
was machined from a graphite plate, and a copper plate functioned as a current distributor
that was incorporated into the cell between anode bipolar plate and end plate. Titanium felt
(GDL7, Bekaert Corporation) with thickness of 0.35 mm and porosity of 75% and carbon
paper (Toray 090) with thickness of 0.28 mm and porosity of 78% were used as anode and
cathode LGDLs, respectively. There are PVC gaskets between bipolar plates and CCM.
The cell was compressed by eight evenly distributed bolts (thread is ¼-20 SS insert) with
4.52 N·m of torque. Tests were controlled and characterized by a potentiostat SP-300
chassis with a 5 V/10 A booster from Bio-Logic to get polarization curves and
electrochemical impedance spectroscopy (EIS). Deionized water was supplied to the anode
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by a diaphragm liquid pump from KNF Neuberger with a flow rate of 20 ml/min, and was
preheated by a water bath from Polyscience. Two heaters and two thermocouples
connected to a Multi-Zone controller from OMEGA were used to control the cell
temperature. The cell was evaluated at temperatures of 20, 40, 60 and 80 °C and a pressure
of 1 atm.

2.4 Results and discussion
Figure 4 shows the photographic and SEM images of the AM cathode bipolar plate before
and after polishing. All SEM images of the land edge of the flow channel were taken with
200 µm scale bar. Figure 4a and Figure 4c show the land edge of flow channel and whole
area of the AM cathode bipolar plate before polishing, respectively. Without polishing, the
plate surface is rough, and the printing track, shape of melt pool on the land of the flow
channel, and SS powders at the side walls of the land can be seen clearly in the SEM image.
Figure 4b and d show the land edge of flow channel and whole area of the AM cathode
bipolar plate after polishing and ultrasonic cleaning, respectively. The polished land is
smooth, and most of the SS powder is removed.
The weight of the polished AM SS plate is 147.5g, which is much lighter than that of
the conventional graphite plate and copper current distributor, 265.5g. The volume of the
plate is 5.4 × 60.7 × 60.7 mm, whereas the total volume of conventional graphite plate and
copper current distributor is 21.0 × 76.2 × 76.2 mm.
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Figure 4. Photographic and SEM images of the AM cathode bipolar plate before
and after polishing. (a) SEM image of land before polishing. (b) SEM image of land
after polishing. (c) Photo before polishing. (d) Photo after polishing.
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Those points are of importance when large numbers of plates are stacked. Although the
active area of this AM PEMEC is only 5 cm2, areas up to nearly 0.3 m2 can be presently
achieved for a single plate with even larger areas possible as the AM technology develops.
The EDS analyses of the AM cathode bipolar plate, as shown in Figure 5, indicate that
the weight percentages of the elements deviate only slightly from the specification of raw
material after the additive manufacturing process. Studies of SS 316L parts processed by
SLM show that the strength properties of these AM parts can be better than those of the
wrought products, which is attributed to the additive manufacturing process and changes
in microstructures and elemental compositions [27]. EDS results for different spots on the
plate surface indicate that the distribution of elements on the AM cathode bipolar plate is
uniform. The change of mechanical properties of the AM cathode bipolar plate may have
an impact on the performance of the cell as well, and will be investigated in our future
studies.
Polarization curves are to evaluate the performance of a PEMEC, and they show the
change of the sum of different polarization losses as function of current density.
Polarization curves are drawn by recording the cell voltage respected to current density
changing from 0 to 2.0 A/cm2 for a step rate of 10 mA/s, and are compared at different
temperatures of 20, 40, 60 and 80 °C, as shown in Figure 6a. The cell voltage gradually
decreases as the temperature increasing, and the performances under the current density of
2.0 A/cm2 are 2.081 V, 1.935 V and 1.850 V at 20 °C, 40 °C and 60 °C, respectively. The
best performance the cell achieves is 1.779V at 80 °C.
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Figure 5. EDS spectrum of AM SS 316L cathode bipolar plate.

These results indicate that the better performance of the cell can be achieved at higher
temperature, because the higher temperature could benefit the kinetics and interfacial
contacts between each parts, strengthen the proton transportation through the Nafion®
membrane, and enhance the mass transportation of the reactants and products [4, 28, 29].
From the literature [11], the voltage of the conventional PEMEC with graphite bipolar
plates at both the anode and the cathode sides is 1.880 V under the same operating
conditions of 80 °C and 2 A/cm2, while that of PEM electrolyzer with AM SS cathode
bipolar plate is 1.779 V.
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The PEMEC efficiency (𝜂𝜂) is determined using the following equation (1):
𝜂𝜂 =

𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

(2-1)

Where 𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and 𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 are the thermoneutral voltage and voltage of PEMECs,

respectively, and 𝑉𝑉𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is about 1.484 V under normal operating conditions [11, 30].

Based on this calculation, the PEMEC with AM SS cathode bipolar plate provides a

significantly higher efficiency (83.4%) compared to the conventional components (78.9%).
The improvement might be due to the elimination of contact resistance between the bipolar
plate and current distributor at cathode side. The AM SS cathode plate with parallel flow
field serves as both cathode bipolar plate and current distributor simultaneously, thus
improve the overall performance.
For a better understanding, electrochemical impedance spectroscopy (EIS) was used
during testing. The ohmic resistance and the total resistance of the cell are measured from
the leftmost and rightmost intersections of the Nyquist EIS curve with X-axis at a high
frequency and low frequency, respectively. The EIS measurements are carried out for a
current density of 0.2 A/cm2 at different temperatures for frequencies from 200 kHz to 30
mHz. Figure 6b shows the ohmic resistance reduces significantly while increasing the
temperature. The ohmic resistance varies from 0.229 Ω·cm2 at 20 °C to 0.129 Ω·cm2 at 80
°C. These data demonstrate a relatively low ohmic resistance with the AM cathode bipolar
plate which can improve the performance of PEMECs.
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Figure 6. (a). Polarization curves of PEMEC with AM SS cathode bipolar plate at
different temperatures. (b). EIS results of PEMECs with AM SS cathode bipolar
plates at different temperatures.
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The EIS results agree with the performance results from polarization curves of the
PEMEC. The changes of ohmic resistances in the EIS are reflected as changes of slope in
the polarization curves. The ohmic resistances include ionic resistance of the CCM,
electrical resistance of other components, and contact resistance between mating surface
[11, 31]. As temperature increases, the proton conductivity of CCMs increases which will
reduce the ohmic resistance. The interfacial resistance between mating components
decreases at higher temperature due to thermal expansions; components expand with
increasing temperature, which in turn leads to higher compression pressure and lower
contact resistance. But the electrical resistances of bipolar plate, LGDLs and current
distributor remain almost constant within the aforementioned temperature range [7, 10].
For conventional PEMEC with graphite bipolar plates at both sides, the ohmic resistance
and total resistance are 0.203 ohm∙cm2 and 0.340 ohm∙cm2, respectively, which are larger
than those of AM PEMEC under the same operation conditions of 80 °C and 0.2 A/cm2.
And the reduction of the resistances leads to the better performance for the AM PEMEC
than for the conventional PEMEC.

2.4 Summary
In this research, a SS 316L cathode bipolar plate with parallel flow channels is fabricated
with the SLM technique, and in-situ characterized in a PEMEC for the first time. The
experimental results demonstrate the viability of additive manufacturing of prototype
metallic cathode bipolar plates for PEMECs starting from a 3-D digital model. Meanwhile,
the performance of the cell with a AM SS cathode bipolar plate is excellent, and the
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operation voltage can reach 1.779 V at 2.0 A/cm2. Furthermore, the AM SS cathode bipolar
plate is also characterized by SEM and EDS ex-situ, and the results show the weight
percentages of the elements deviate only slightly from those of the raw powder with very
limited oxidization. The elemental distribution is uniform across the plate. This study
demonstrates an alternative, low-cost, and rapid approach to develop prototype devices for
renewable hydrogen production.
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CHAPTER III
FULLY PRINTED AND INTEGRATED ELECTROLYZER CELLS
WITH ADDITIVE MANUFACTURING FOR HIGH-EFFICIENCY
WATER SPLITTING
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3.1 Graphical Abstract
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3.2 Abstract
Using additive manufacturing (AM) technology, a fundamental material and structure
innovation was proposed to significantly increase the energy efficiency and to reduce the
weight, volume and component number of proton exchange membrane electrolyzer cells
(PEMECs). Four conventional parts (liquid/gas diffusion layer, bipolar plate, gasket, and
current distributor) in a PEMEC were integrated into one multifunctional AM plate without
committing to tools or molds for the first time. In addition, since the interfacial contact
resistances

between

those parts

were

eliminated,

the

comprehensive in-situ

characterizations of AM cells show an excellent energy efficiency of up to 86.48 % is
achieved at 2 A/cm2 and 80 oC, and the hydrogen generation rate is increased by 61.81%
compared to the conventional cell. More importantly, the highly complex inner structures
of the AM integrated multifunctional plates also exhibit the potential to break limitations
of conventional manufacture methods for hydrogen generation and to open a door for the
development of other energy conversion devices, including fuel cells, solar cells and
batteries.

3.3 Highlights
•

Integrated electrolyzer cells with complex inner structure were fully printed with
additive manufacturing.

•

Four components in PEMECs were integrated into one part.

•

An ultralow electrical resistance of electrodes was achieved.
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•

AM PEMECs provide an energy efficiency of up to 86.48 % at 2 A/cm2 and 80 oC.

•

AM PEMECs open a door for developing other energy conversion devices.

3.4 Introduction
Hydrogen is considered as one of the best vectors/carriers for storing renewable and
intermittent energy from sources including wind and solar, or off-peak energy from the
grid[1-9]. Water electrolysers, especially proton exchange membrane electrolyzer cells
(PEMECs), provide a sustainable method for producing hydrogen from water splitting with
rapid response to the power input, higher purity product (up to 99.995%), high operation
current density (above 2 A/cm2), and high operation pressure (up to 350 bar)[4, 10-16]. A
PEMEC typically consists of a catalyst-coated membrane (CCM), sandwiched by two
liquid/gas diffusion layers (LGDLs), two bipolar plates (BPs), two gaskets, and two current
distributors at anode and cathode sides. Nevertheless, the relatively low efficiency and high
complexity have retarded its wider commercialization [3, 12, 17, 18] .
To reduce the cost and promote performance of PEMECs, some efforts are focusing on
reducing the use of the precious catalysts (e.g., Pt and Ir), or exploring the alternatives,
such as Fe, Co, Cu, Ni, Mo, and W-based nonprecious catalysts, while another approach is
to optimize other components and the whole system[11, 19-21]. BPs and LGDLs
significantly affect the performance of PEMECs especially at the high current density,
where the ohmic overpotential and concentration overpotential become the dominant
factors for total cell voltage[22, 23]. BPs usually account for 30% - 48% of the cost and
60% of the weight of PEMECs [3, 24]. The cost of labor, tooling, and machining for large47

volume BP manufacturing is almost the same as that of the materials, and the cost even
become much higher for small batches[25]. Furthermore, the LGDLs are expected to
simultaneously transport electrons, reactants and products at minimum voltage, fluidic, and
heat losses in a severe electrochemical environment, and they mainly made of titanium and
carbon by using weaving, sintering or etching processes. But the woven and sintered felt
LGDLs will result in nonuniform interfacial contacts and random pore morpohologies. And
the etching method involves several complicated processes, and the chemical and disposal
costs will limit its application [3, 26, 27].
Researchers have recently reported to improve the PEMEC performance by reducing or
eliminating contact resistances between mating components such as the BPs, LGDLs, CLs,
and current distributors[28, 29]. Several strategies have been proposed to solve this
problem, by coating precious metals (Pt, Au, etc.) and abundant metals (Ti, Ni, etc.) on the
surface of BPs and LGDLs[30, 31], or by optimizing the components properties and
structures[32, 33]. Coatings increase the cost of PEMECs because of the complex chemical
processes and expensive materials. Structures and morphologies of BPs and LGDLs are
optimized by changing the channel shape and the pore size [3, 32, 34, 35]. But the
interfacial contact resistance has not been eliminated, and the optimization of PEMEC
materials and structures for better performance reaches a bottleneck. Furthermore, when
cells are scaled up to stacks, assembling the large number of components is very time
intensive, and requires exacting control. Therefore, simplifying the components design and
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configuration with low cost and high efficiency remains an important challenge for the
commercial application of PEM energy devices.
Additive manufacturing (AM) technology, also called rapid prototyping, freeform
fabrication, or 3D printing, allows material to “print” three-dimensionally from threedimensional (3D) digital models instead of cutting materials from an initial bulk[36, 37].
Due to its potential to offer cost and time-efficient parts with complex 3D structure, AM
has received significant attention in electrochemical sciences. Cronin et al. tried to print a
plastic BP, which was coated with Ag and Au, but the voltage in the PEMEC reached 2.5
V at 1 A/cm2[38]. Mo et al. fabricated LGDLs from Ti using electron beam melting (EBM),
however the performance was not good compared with conventional PEMECs[26]. Several
researchers also tried to fabricated BPs for energy devices from carbon and plastic
materials with AM, but dimensional shrinkage and structure inaccuracy as a result of
curling and high voltage at certain current density remain unresolved issues[18, 38, 39].
Nevertheless, none of those efforts has been devoted to integrate components in the energy
devices into one part, and the devices’ performances in those publications are not
comparable to that of conventional one. Therefore, the integration of different parts for
low-cost and high-efficiency water electrolyzers is unexplored and highly desired.
Herein, one of the AM technologies, selective laser melting (SLM), is used to meet the
aforementioned challenges, and to develop novel multifunctional AM integrated plates that
serve as BPs, LGDLs, gaskets and current distributors simultaneously, shown in Figure 7.
Both ex-situ and in-situ characterizations of the AM integrated plates are comprehensively
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conducted, and the equivalent electrochemical circuits (EECs) are introduced to quantify
the AM plates for PEMEC performance. The integration of several conventional
components into one multifunctional AM part not only significantly improves the
performance of PEMECs with lower resistances, but also greatly simplify the configuration
and reduce the weight and volume. The study also indicates AM can accomplish radical
structure changes for electrolyzer and other energy conversion devices.

3.5 Experimental
3.5.1 Fabrication of AM plates
Using AM technology, the conventional BP, LGDL, gasket, and current distributor were
integrated into one part, as shown in Figure 7. The patterns of AM SS plates were designed
using SOLIDWORKS 2016, then solid models were sliced and converted for building
using Materialise Magics 20. A Renishaw AM250 laser powder bed printer was employed
to build the plates. Parameters during manufacturing included laser power of 200 W, focus
offset of 0 mm, layer thickness of 50 µm, point spacing of 60 µm, exposure time of 80 µs,
hatch spacing of 110 µm, average beam velocity of 0.64 m/s, and a stripe melting mode of
5 mm. Three printed plates: AM plate with parallel flow channel, AM plate with pin flow
channel, and AM integrated plate with pin flow channel and LGDL, were fabricated
simultaneously in the printer. The approximate building time was ~1.6 h, and the mass of
the single plate is ~148 g. Due to the large surface roughness after printing, the AM plates
were milled and polished to improve the surface smoothness. The plates were milled with
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Figure 7. Schematic illustration of the integration of current distributor, bipolar
plate, gasket, and LGDL into one AM plate via additive manufacturing.
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sand paper (SiC grindings paper #250-1200, BUEHLER) gradually, and polished with a
polishing machine, then ultrasonically cleaned for 15 min in both methanol and acetone.
3.5.2 Characterization and testing system
The ohmic resistance of the cathode was measured ex-situ using an AEMC MicroOhmmeter when assembling in the PEMEC. The crystal structure was identified by XRD
using a Philips X’Pert materials research diffractometer operating at 45 kV and 40 mA
with Cu Kα (λ = 1.5418 Å) as a radiation source. The surface morphologies of the AM
plates were characterized by SEM performed by a field emission SEM JEOL JSM-6320F.
EDS was performed using an EDAX Octane plus Silicon Drift Detector with EDAX's
TEAM EDS analysis system. To in-situ evaluate performance, AM plates were
incorporated into PEMECs. The detailed characteristics and working conditions of AM
PEMECs are given in Table 1. Characteristics and working conditions of AM
PEMECsTable 1 .
The CCM (Electrolyzer CCM from FuelCellsEtc, EZ-CCM) contained a Nafion 115
membrane with a thickness of 125 μm, an anode CL made of Iridium Ruthenium Oxide
(IrRuOx) with loading of 3 mg/cm2, and a cathode CL made of platinum black (PtB) with
loading of 3 mg/cm2. The anode LGDL was Ti felt (from Bekaert) with a thickness of
0.35mm and a porosity of 75%. Toray Carbon Paper 090 (from FuelCellStore) with a
thickness of 280 μm and a porosity of 78% was used as the cathode LGDL, except for the
PEMEC with AM plate with pin flow channel and LGDL. The gasket was polyvinyl
chloride (PVC). The anode BP was made of graphite with a parallel flow channel for all
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Table 1. Characteristics and working conditions of AM PEMECs.
Materials and conditions

Details

PEM Type

Nafion® 115

Reaction Area

5 cm2

PEM Thickness

125 μm

Catalyst at Anode Side

IrRuOx (3.0 mg/cm2)

Catalyst at Cathode Side

PtB (3.0 mg/cm2)

LGDL at Anode Side

Titanium felt
Toray carbon paper 090 except for the

LGDL at Cathode Side

PEMECs with AM plate with pin flow channel
and LGDL

Gasket

Polyamide chloride

BP at Anode Side

Graphite

BP at Cathode Side

AM plates for AM PEMECs, while graphite
plate for conventional cell

PEMEC Temperature

20, 40, 60, and 80 °C

PEMEC Pressure

1 atm

DI Water Flow Rate at Anode Side

20 ml/min
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cells, and the cathode BPs were AM plates for AM PEMECs and graphite BP for
conventional PEMEC.
Two end plates were machined from commercial grade aluminum bulk to provide
structure support and compression pressure; these end plates provide outlet and inlet for
deionized (DI) water and gas. In-situ electrochemical measurements of the polarization
curves and EIS were recorded using a Bio-Logic SP-300 potentiostat with a 5V / 10A
booster, and all tests all repeated to make sure the reliability. All cells were tested at 1
atmosphere pressure. The PEMEC temperature was controlled at 20, 40, 60, and 80 °C by
two heaters and two thermocouples connected to a Multi-Zone controller from OMEGA.
The DI water was maintained at a flow rate of 20 ml/min by a KNF Neuberger diagram
liquid pump, and heated by a PolyScience WB05 water bath. The polarization curves of all
cells were recorded from 0 to 10 A with a scan rate of 100 mA/s; the EIS scans were swept
from 200 kHz to 30 mHz at 1 A/cm2, and then the results were fitted by using ZFit BIOLogic to identify each the resistance and capacitance in the cell. The stability test of the
cell with AM plate with pin flow channel and LGDL was carried out with a
chronopotentiometry at current density of 0.2 A/cm2 for 120 h at 80 °C.

3.6 Results and discussion
3.6.1 Ex-situ measurements
The AM plates are designed and manufactured to be 0.5 cm (thick) × 6.0 cm (long) × 6.0
cm (wide) with an active area of 5 cm2. The spherical 316L powders (Renishaw) used for
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the building have a diameter range of 15 - 45 µm, and an elemental composition is shown
in Figure 8a. Energy dispersive spectrometry (EDS) and X-ray diffraction (XRD) images
(Figure 8) show the element distributions at the plate surface are uniform and are almost
the same as those of the raw powder. And XRD result of the AM plates is consistent with
that of standard SS 316L, which means the crystal structure is not changed during AM
process[40].
Figure 9a – c show the schematics of parallel flow channel, pin flow channel, and pin
flow channel with LGDL, respectively. The parallel flow channels are 1 mm in width, and
the lands are 1.5 mm in width and 1 mm in height. Pin flow channels are 1mm in width,
and the cubic pins are 1 mm of side length. For AM integrated plate with pin flow channel
and LGDL, the LGDL with a thickness of 150 μm is deposited onto pin flow channel
directly. Its printed pore shape is equilateral triangle with a 1 mm of side length, and the
width of land between two pores is about 0.25 mm. Figure 9d shows the photographic
image of AM plates immediately after the printing process. The plate surfaces and lands
are very rough and full of printing tracks due to the rapid melting and solidification process
during printing. Photographic images of AM plates (Figure 9d – f) after polishing and
cleaning indicate the surfaces are much smoother and better for assembling. Note that the
raw powder particles at the sidewall are also removed. Figure 9g – i show the scanning
electron microscopy (SEM) images of the flow channels and pore morphologies of AM
plates after polishing and cleaning, which indicate a smooth microscale surface finish.
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Figure 8. (a). EDS analysis of AM plates. (b). XRD analysis of AM plates.
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Figure 9. Schematics of (a) parallel flow channel, (b) pin flow channel, and (c) pin
flow channel with LGDL; Photographs of (d) AM plate with parallel flow channel
after printing and polishing, (e) AM plate with pin flow channel after polishing, and
(f) AM integrated plate with pin flow channel with LGDL after polishing; SEM
images of (g) parallel flow channel of AM plate, (h) pin flow channel of AM plate, and
(i) LGDL of AM plate.
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The details with different plates in each PEMEC are provided in Table 2. SS is
considered to be a low-cost material for PEMECs compared to Ti; but anodic
corrosion might be problematic, so the AM plates are only used at the cathode side
for the feasibility study[41]. The conventional cathode in Cell 1 usually includes the
BP, current distributor, LGDL, and gasket, while the AM plates with parallel and
pin flow channels in Cells 2 and 3, respectively, can serve as the BP and current
distributor, and the AM integrated plate with pin flow channel and LGDL in Cell 4
can function as a whole cathode. Thus, the number of cathode components can
reduce from 4 to 1 in the AM single cell. In addition, the weight and volume of
cathode greatly reduces from 266.90 g to 144.15 g, and from 122.83 cm2 to 19.39
cm2, respectively. If the AM integrated plates are used in PEMEC stacks that contain
hundreds or thousands of cells, the configuration of PEMEC stacks will be greatly
simplified, and the assembling cost and maintenance fee will also be reduced.
More importantly, the ohmic resistances of Cells 1, 2, 3, and 4 decrease from 6.52 to
0.10 mΩ, which means the integration of the BP, LGDL, gasket, and current distributor
into one part (Cell 4) results in an extremely low overall ohmic resistance. The total ohmic
resistances of the cathode electrode include electronic resistance of each component and
interfacial contact resistances between two matting parts. When the electronic resistances
of components are low, and the interfacial contact resistances will become dominant[42].
There is only one part at the cathode of Cell 4, so its interfacial contact resistances are
eliminated, which results in the lowest ohmic resistance. The weights and volumes of these
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AM electrodes are also relatively small compared with the conventional cathode
components, as shown in Table 2, and the savings are more significant when considering
PEMEC stacks powered in MW.
3.6.2 Polarization curves and EIS
The polarization curves reflect the PEMEC voltage-current relationship, and a lower
voltage at a certain current density implies a better electrochemical performance[43, 44].
The total cell voltage can be defined according to Equation 1:
𝑉𝑉 = 𝐸𝐸 + 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑉𝑉𝑜𝑜ℎ𝑚𝑚 + 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(3-1)

where 𝑉𝑉 is the operation cell voltage, 𝐸𝐸 is the reversible voltage required for free energy

difference between reactants and products. 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 is the activation loss. 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is
concentration loss. 𝑉𝑉𝑜𝑜ℎ𝑚𝑚 is caused by ohmic loss associated with ohmic resistance through

the whole cell, resulting in a linear increase of voltage with current density[38]. The

increases of voltage at low current density are dominated by activation loss; the increases
at intermediate current density are dominated by ohmic polarization; while the increases at
higher current density are dominated by concentration polarization.
A series of PEMEC polarization curves were recorded at 80 °C with a current density
up to 2.0 A/cm2 under one atmosphere air pressure, and the results are shown graphically
in Figure 10a. The performances of the PEMECs with different cathode AM plates were
gradually improved in the following order: conventional BP < AM plate with parallel
channel < AM plate with pin channel < AM integrated plate with pin channel and LGDL,
which are 1.887 V, 1.779 V, 1.773 V, and 1.716 V at 2.0 A/cm2, respectively. The
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Table 2. Evaluation of different cathodes.

Cell

Cathode

Component
number

Weight [g]

Volume
[cm3]

Electrical
resistance
[mΩ]

graphite plate/carbon
1

paper LGDL/current

4

266.90

122.83

6.52

3

227.10

29.55

5.61

3

219.04

28.46

3.35

1

144.15

19.39

0.10

distributor/gasket
AM plate with parallel
2

flow channel/carbon
paper LGDL/gasket
AM plate with pin flow

3

channel/carbon paper
LGDL/gasket
AM integrated plate

4

with pin flow channel
and LGDL
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performances of these PEMECs exceed with pin channel < AM integrated plate with pin
channel and most of those found in the literatures[3, 18, 30, 38]. The PEMEC with AM
integrated plate with pin channel and LGDL reaches the highest efficiency of 86.48%, and
the efficiency is calculated with the thermo-neutral voltage of 1.484 V at 80 oC[45, 46].
The superior performance of the AM integrated plate with pin channel and LGDL can be
rationalized by the lowest ohmic resistance, which is illustrated by the lowest gradient on
the polarization curves at higher current density. And the gradient also reflect the ultralow
ohmic resistance at the cathode, 0.1 mΩ in Table 2. The other two AM PEMECs almost
share the same performance, which is also better than the conventional cell. It could be
mentioned that the AM plate with pin channel would reduce the weight of raw material
compared to the AM plate with parallel channel, especially when larger active area and
scale are considered, since the volume of the pin lands is only half that of the parallel lands.
Moreover, at the same voltage of 1.715 V, the hydrogen generation rate of the conventional
cell is 115.29 ml/h, while those of the PEMECs are 147.29, 151.02 and 186.56 ml/h
calculated from the current density, respectively (Figure 10a). The hydrogen generation
rates in the three AM PEMECs are significantly increased by 27.75%, 30.99%, and 61.81%
compared with the conventional cell, respectively. In the long term, the performance
improvement in AM PEMEC can save the feedstock and energy which account for 71.9%
of the total hydrogen levelized cost based on DOE’s report[47]. When considering the
larger industrial scale with 1,000 kg/day or more, the improvement in performance is of
great influence on the cost saving of hydrogen production.
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The results of electrochemical impedance spectroscopy (EIS) are organized in Nyquist
plots. The left-most intersection of the Nyquist plot with the X-axis represents the ohmic
resistance, and the right-most intersection represents the total resistance of the cell. From
the Nyquist plots in Figure 10b, the ohmic resistances of PEMECs with the conventional
graphite BP and AM plates with parallel flow channel, pin flow channel, pin flow channel
with LGDL are 0.1948, 0.1286, 0.1295, 0.0919 Ω∙cm2, respectively, and the AM integrated
plates with pin flow channel and LGDL shows the lowest ohmic resistance in the operating
PEMEC. And those ohmic resistances are consistent with the gradients of the polarization
curves. As aforementioned, the ohmic resistance includes electronic and ionic resistance
of each component, and interfacial contact resistances between two mating parts.
All the PEMECs with different plates share the same CCMs which means the ionic
resistance is constant , and the electronic resistance is relatively small compared to
interfacial contact resistance and ionic resistance[43]. Thus, the reduction of ohmic
resistance should mainly be due to the elimination of interfacial contact resistance between
BPs, LGDLs, and current distributors[48]. The sum of activation and concentration losses
can be calculated from the difference of total resistance and ohmic resistance. The change
of activation and concentration losses of different PEMECs is relatively small only 0.002
Ω∙cm2 (Figure 10b). It should be mentioned that the PEMECs with AM plates with parallel
flow channel and pin flow channel almost share the same ohmic resistance and total
resistance, which means the patterns of flow channel will not have much influence on the
performance of PEMECs when the current density is below 2 A/cm2. Although the flow
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patterns mainly affect the mass flow distribution and concentration polarization, those
effects appear to be negligible at intermediate current density in this study.
The effect of temperature on the PEMECs was studied in a range from 20 oC to 80 oC
(Figure 10c). The Tafel slope at low current density indicates the activation loss, and Figure
10c shows increasing temperature gives rise to a decrease of the activation loss. Molecules
participating in the reaction of water splitting have higher kinetic energy and probability
of molecular collisions when the temperature increases, which results in a lower activation
loss[43, 49].
In addition, Figure 10c also shows that elevated temperatures result in smaller gradients
on linear polarization curves at higher current densities. This indicates smaller ohmic
losses, which agree with the EIS results in Figure 10d. The ionic resistance of the
electrolyte and the interfacial contact resistance between mating components mainly
contribute to the total ohmic resistance. The proton conductivity of CCM will be promoted
as the temperature is elevated, which will lower the ohmic resistance and enhance the
performance[32].
The electrical conductivity of metal and graphite parts is nearly constant for this
temperature range, but thermal expansion of components may contribute to the decrease of
interfacial ohmic resistance[50]. Due to the thermal expansion, the interfacial contact
compression pressure of components of PEMECs will be enhanced, and the interfacial
contact resistance will be diminished[51].
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Figure 10. (a) Polarization curves and (b) EIS results of PEMECs with different
cathode plates. (c) Polarization curves and (d) EIS results of PEMECs AM integrated
plate with pin flow channel and LGDL at different temperatures.
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3.6.3 Quantifications of AM plates on PEMEC performance
In order to further quantify the different voltage losses, an EEC is employed to model the
EIS curves and to estimate each loss, and the results are shown in Figure 11 and Figure 11a
represents the simplified illustration of ion and electron transport processes across a
PEMEC, and Figure 11b is an associated EEC model[43]. An electrical double layer exists
at the interface between the electrolyte and adjacent electrode, then a buildup of charge
comes out in this layer, and the voltage difference needed to overcome the buildup of
charge results in the activation loss[52]. RCL, Zdiff and CDL are the activation resistance,
diffusion impedance, and capacitor associated with the electrical double layer, respectively.
Rmem is the ionic resistance of the PEM with CLs. Ra and Rc represent the ohmic resistances
associated with BPs, LGDLs, and current distributors at the anode and cathode sides,
respectively.
The 𝑅𝑅𝑠𝑠 in Table 3 is the sum of 𝑅𝑅𝑎𝑎 , 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 , and 𝑅𝑅𝑐𝑐 . The diffusion impedance (𝑍𝑍𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 )

associated with the diffusion transporting of mass into and out of the reacting surface is
modelled by the Warburg element (𝑊𝑊𝑑𝑑 ), and the 𝑍𝑍𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is given as Equation 2:[32, 53]
𝑍𝑍𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑅𝑅𝑑𝑑

tanh�𝑖𝑖𝑖𝑖𝑑𝑑 2𝜋𝜋𝜋𝜋
�𝑖𝑖𝑖𝑖𝑑𝑑 2𝜋𝜋𝜋𝜋

(3-2)

where 𝑡𝑡𝑑𝑑 is the time constant needed for mass diffussion, 𝑖𝑖 is the imaginary number, 𝑓𝑓

is the scanning frequency, and 𝑅𝑅𝑑𝑑 is the diffusion resistance.

Figure 11c shows the EIS fitting result for the AM integrated plate with pin and LGDL

at 1 A/ cm2 and 80 °C, the blue dots are the EIS experimental result, and the red line show
EEC fitting result. The EEC fitting results of all three AM PEMECs are listed in Table 3.
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Figure 11. (a) Simplified illustration of ion and electron exchange processes across
PEMECs. (b) Equivalent electrical circuit. (c) In-situ EIS results and the EEC fitting
of AM PEMECs with pin flow channel and LGDL.
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Table 3. The EEC fitting parameters of EIS of different cells at 1.0 A/cm2 and 80
°C (A1 – cell with AM plate with parallel flow channel; A2 – cell with AM plate with
pin flow channel; A3 – cell with AM integrated plate with pin flow channel and
LGDL.).
Rs

RCL,a

Rd1

CDL,a

[Ohm]

[Ohm]

[Ohm]

[F]

A1

0.0258

3.439e-3

0.4579e-3

2.657

A2

0.0259

3.533e-3

0.5021e-3

A3

0.0183

2.821e-3

0.935e-3

Cell

RCL,c

Rd2

CDL,c

Erro

[Ohm]

[Ohm]

[F]

r [%]

0.724

0.817e-3

2.738e-3

0.159

0.22

2.492

0.853

0.742e-3

2.763e-3

0.132

0.06

2.350

2.058

0.574e-3

2.812e-3

0.273

0.17

td (S)
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and the fitting error is less than 0.3%, which confirm a good coincidence with the
experimental results. The results of 𝑅𝑅𝑠𝑠 show Cell A3 with the integrated AM plate with pin
and LGDL obtains the smallest ohmic resistance, which result in the best performance
compared with other two cells. RCL represents the activation resistance, and RCL,a is greater
than RCL,c in every cell, which is corresponded to the fact that activation overpotential of
oxygen evolution reaction is higher than that of hydrogen evolution reaction[54]. The time
constant, td, is the sum of time constant at both side, which indicates the mass diffusion
process in the cell with AM plate with pin and LGDL is not as good as that in cells with
the other two plates. This may due to lower porosity and larger pore size of printed LGDL
that lead to diminished mass transporting [32, 46, 55]. However, the increase of time
constant results in few changes of concentration overpotential when current density is
below 2 A/cm2.
3.6.4 Stability
Stability of materials and components is one of the principal concerns for PEMECs, since
the harsh environment within the cell promotes corrosion and degradation, the stability can
also provide evidence about if the AM SS plate is suitable for PEMECs for a long run[38,
56]. In order to evaluate the stability of the AM SS plate, a test was conducted on the cell
with the AM integrated plate with pin and LGDL at a constant current density of 0.2 A/cm2
at 80 °C for a period of 120 h, and other parts are identical to those employed in previous
in-situ tests. The results of Ecell vs. t are presented in Figure 12a. During the initial 10 h,
there is a rapid increase of voltage, 1.375 mV/h; this is likely associated with the loss of a
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Figure 12. (a) Stability test of PEMECs with AM plate with pin and LGDL. (b)
SEM image of AM plate before stability test and its corresponding (c) Fe and (d) O
EDS mappings. (d) SEM image of AM plate after stability test and its corresponding
(f) Fe and (g) O EDS mappings.
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minor amount of the catalyst and the degradation of the membrane, and not caused by the
degradation of AM plates, since the stainless steels are resistant to hydrogen embrittlement
[41, 57].
After the initial degradation, the rate of change of voltage decreases from 1.375 mV/h
to 0.466 mV/h gradually, which indicates a comparatively good stability[30, 38]. SEM
images of AM plate before and after stability test (Figure 12b, e) indicate the surface
structure did not change much. Corresponding Fe and O EDS mapping images, as shown
in Figure 12c, d, f, g, respectively, also show the element distributions of AM SS plate
after test are uniform and almost remain the same as that before test, which indicate the
AM SS plate are not corroded during working, and the AM plate is durable at the cathode
side.

3.7 Conclusions
The multifunctional and integrated cells with highly complex inner structures, which
served as a combination of several components in PEMECs, were developed from stainless
steel powders with AM technology. To the best of our knowledge, it is the first time that
the PEMEC parts are integrated into one plate for water splitting and hydrogen production.
The structural innovations of the plates provide a fundamental development for the
simplification of PEMECs, which significantly reduce its part number and weight.
Moreover, an excellent performance of 1.716 V is achieved at 80 °C and 2 A/cm2, which
leads to the superior efficiency of 86.48% due to the ultralow ohmic resistance. Then EIS
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results are modelled with equivalent electrochemical circuits (EECs) to characterize the
resistance, impedance, and capacitance in AM PEMECs, which provides insight, analysis,
and detailed information that contribute to a better performance. These results demonstrate
the viability of efficient PEMECs with ultralow ohmic resistances for hydrogen production.
The AM technology opens the opportunity for optimal configurations of PEMECs, as well
as marks a new step to the development of other energy conversion devices.
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CHAPTER IV
BIPOLAR PLATE DEVELOPMENT WITH ADDITIVE
MANUFACTURING AND PROTECTIVE COATING FOR
DURABLE AND HIGH-EFFICIENCY HYDROGEN PRODUCTION
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4.1 Abstract
Additive manufacturing (AM) of the complex devices for energy application remains an
almost unexplored area, and the harsh acidic environment also limits the application of AM
parts in water splitting for hydrogen production. Here, bipolar plates (BPs), which are used
to transport reactants/products and conduct electrons in proton exchange membrane
electrolyzer cells (PEMECs), are printed from stainless steel (SS) with selective laser
melting (SLM).

Then surface treatments are employed on those BPs by thin film

electroplating with Au, and the protective thin layer enables the utilization of AM SS parts
to both cathode and anode sides of water electrolyzer cells and exhibits superior corrosion
resistances and electronic conductivities. The Au-coated AM SS BPs deliver a low
interfacial contact resistance (6.4 mΩ∙cm2 under 1.45 MPa) and an excellent performance
in PEMECs (1.71 V at 2 A/cm2), and maintain a remarkable durability in the simulated
anode environment compared with the uncoated AM SS BPs and conventional graphite
BPs. This approach demonstrates the possibility of 3-dimentional printing fully integrated
water electrolyzer cells at both anode and cathode sides.
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4.2 Highlights
•

Additive manufacturing and electroplating technologies are incorporated.

•

Gold electroplating enables the using of 3D printed stainless steel BP at anode and
cathode in electrolyzer.

•

An ultralow interfacial contact resistance is achieved

•

Au-coated AM BPs provide a low voltage, 1.71 V at 2 A/cm2 and 80 oC.

•

A route for the development of energy conversion devices working at harsh
conditions with cheap material is offered.

4.3 Introduction
Due to the requirement for a cleaner environment, renewable and green energy, such as
wind and solar, is considered a promising alternative to fossil fuels for electricity
production [1-13]. Because these energy sources are intermittent and unpredictable, a
highly efficient and quickly responsive energy conversion system needs to be developed
to store the energy as electricity. With the capability of handling the fluctuations of
intermitted energy, proton exchange membrane electrolyzer cells (PEMECs) are attracting
significant attentions [2, 4, 14-18]. But the relatively low performance and high cost limit
their wide commercialization [4, 5, 15, 19-23].
In a single conventional PEMEC, a catalyst coated membrane (CCM) is sandwiched by
two liquid/gas diffusion layers (LGDLs), two bipolar plates (BPs), and two current
distributors (CDs), as shown in Figure 13a. At the anode side, water is split into oxygen,
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electrons, and protons, as in equation (1), then the protons transport from the anode to the
cathode through the proton exchange membrane, and react with electrons to form hydrogen
at the cathode catalyst layer (CL), as shown in equation (2)[24]:
2𝐻𝐻2 𝑂𝑂 → 4𝐻𝐻 + + 𝑂𝑂2 + 4𝑒𝑒 −

4𝐻𝐻 + + 4𝑒𝑒 − → 2𝐻𝐻2

(4-1)
(4-2)

At the cathode side, there is a reducing environment full of hydrogen with a low
potential, so BPs and LGDLs are seldom corroded[25]. For the anode side, the thermoneutral voltage of the PEMECs at room temperature is ~1.48 V, while the operating voltage
could be over 2.00 V at a high current density and hydrogen producing rate, and the
fluorinated polymer with sulfonic acid side chains in the CCMs will cause a strong acidic
environment[26-28]. Thus, the components in an oxygen rich anodic ambient, where the
pH is low and the potential is high, will be easily corroded.
Most recent researches on PEMECs have focused on catalyst developments for the
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) [29-36]. Few
improvements have been realized for other components, such as the LGDLs and BPs[37,
38]. The BPs distribute mass and electron and should provide good mechanical support for
the PEMECs. They are expensive components, which account for ~ 48 % of the cost of the
PEMEC stacks [5, 6, 39-41]. Stainless steel (SS), titanium (Ti) and graphite are the most
widely used materials for BPs [42-46]. Ti has good electrical conductivity, corrosion
resistance and mechanical strength, but it is very expensive and difficult to machine due to
its hardness [5, 25, 26, 46-48]. Even graphite is widely used due to its high electrical
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conductivity, but its brittleness leads to high machining cost. For SS, the electrical
conductivity and mechanical strength are good, but it can easily corrode at the anode where
there is an acidic environment and a high electrical potential.
To improve the efficiency and reduce the cost of PEMECs, either simplifying the
manufacturing process, or using cheap materials like SS and plastic materials could be
effective[25, 49-51]. However, traditional moulding and cutting processes cannot provide
many improvements due to material waste and challenging machining to produce complex
flow channels. As an alternative to traditional manufacturing, additive manufacturing
(AM) technology is a revolutionary approach to fabricate complex structures with nearly
zero waste of material. Several researchers have tried to print bipolar plates with plastic
and SS materials using AM to improve the performance and reduce the cost of PEMECs
or proton exchange membrane fuel cells (PEMFCs). Scotti et al. tried to print SS micro
flow field plates for fuel cell, but measurements of corrosion resistance and durability were
not provided[49]. Conductive polylactic acid (PLA) was also used to print BPs for water
electrolysis, but the performance of the cells was neither acceptable nor practical[20, 51].
Our group used the AM SS BPs at the cathode side where a reducing environment occurs,
those AM SS plates served as serval parts in the PEMEC, which reduce the weight and
cost, and also improved the performance. But the SS bipolar plates have not been
incorporated into the anode side due to the high potential and acidic environment, and the
using of AM SS plats at anode side of PEMEC need to be explored[21, 52].
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The corrosions of BPs at acidic environment in PEMECs can not only lead to the
damage of the plate structure, but also result in the increase of contact resistance and
contamination of the CCMs, especially for SS material [5, 43, 53-55]. Meanwhile, SS
typically contains Cr which will be oxidized into a passive layer of Cr2O3, particularly at
the anode of PEMECs; then the passive layer will lead to a higher interfacial contact
resistance (ICR). ICR is of great importance for the performance of PEMECs or PEMFCs,
and the target of US Department of Energy is 20 mΩ∙cm2[53, 56, 57]. A higher ICR will
lead to a faster increasing in working voltage with the increment of working current
density, and the efficiency will be reduced, and the electricity costs will be increased[47].
Herein, in order to use AM parts at both the anode and cathode sides in PEMECs, we
proposed a protective coating on AM SS BPs for high-efficiency and low-cost PEMECs.
The BPs were firstly printed using selective laser melting (SLM) technologies, then the
BPs were coated with gold by electroplating to form a protecting layer, as shown in Figure
13b. Compared with traditional BPs, the AM plates not only have a greatly simplified
fabrication processes, but also help to lower the cost and provide a rapid prototyping
process. In ex-situ tests, the Au-coated AM SS BPs show a very low ICR, 6.4 mΩ∙cm2
under 1.4 MPa, compared with the bare AM SS BPs and graphite BPs. In in-situ tests, those
AM SS BPs are incorporated into both the anode and cathode sides in PEMECs, and an
excellent performance is achieved even at a high current density. The durability test also
indicates the Au-coated AM SS BPs are suitable for highly corrosive environment. The
results suggest that AM technologies combined with protective coatings have a potential
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Figure 13. Schematic of (a) the internal structure of a PEMEC, (b) manufacturing
processes of Au-coated AM SS BPs.
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to rapidly produce high-efficiency and low-cost integrated energy conversion devices with
better performance, and will facilitate the design and improvement of those devices.

4.4 Experimental details
4.4.1 Additive manufacturing of BPs
The BPs were designed using SOLIDWORKS 2016, and exported as *.STL files that were
sliced for printing by Materialise Magics 20. The printing process was conducted in a laser
powder bed Renishaw AM250 printer with SS 316L powder. During printing, a roller or
wiper spread the SS powder uniformly over the build platform to form a powder bed, then
the laser will selectively irradiate and melt the powder layer by layer (Figure 13b). This
process took approximate only 1.4 h for 5 BPs. Conditions used during printing include
laser power (200 W), focus offset (0 mm), layer thickness (50 µm), point spacing (60 µm),
exposure time (80 µs), and hatch spacing (110 µm). The average beam velocity was 0.64
m/s, and a stripe melting mode (5 mm) was used. The BP surface was rough right after
printing, and needed to be ground with grinding papers (SiC grindings paper #150-2400,
BUEHLER).
4.4.2 Gold protective coating
For the gold electroplating on stainless steels, there are 3 steps, including electro-cleaning,
electro-striking, and electro-plating. And the AM SS BPs received the negative charges
during all the steps. During electro-cleaning, 4% solution of sodium hydroxide was heated
to 60 oC to remove the contamination and oxide, and the SS BPs were immersed in the
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solution as a cathode at 6 V and 60 oC for 30 s. The surfaces of SS plates were totally
hydrophilic with no water beads or breaks after the first step.
For electro-striking, TriVal - 24K Acid Gold Strike solution (TV128, Gold Plating
Services) was used to pre-treat the SS surface at 7 V and 25 oC for 45 s, shown in Figure
14a. In the solution, the pH was lower than 1, and the effective component was KAu(CN)4 ,

which allowed the electroreduction of gold occurred directly on the bare AM SS BP
cathode electrode when the current was applied, and the reaction was as follows:
−
+
Au(CN)−
4 + 3e + 4H → Au + 4HCN

(4-3)

Then a thin gold layer with very faint yellow tint was adhesive to the AM SS BP surface,

and it would be allowed to plate 24karat gold directly during electro-plating. For the next
step, 24K Bright Gold Plating Solution (IG128, Gold Plating Services) was used to
immerse the pre-treated plates and produce thicker gold layer on the previous mentioned
thin layer at 2.7 V and 38 oC for about 5 minutes, shown in Figure 13b. During this process,
the pH was about 4 – 5, and the effective component was KAu(CN)2 without free cyanide,

which can produce the uniform deposit distribution, the reaction was as follows[58]:
−
+
Au(CN)−
2 + e + 2H → Au + 2HCN

(4-4)

4.4.3 Characterization and testing system
Scanning electron microscopy (SEM) was conducted with a field emission SEM
JEOLJSM-6320F with an accelerating voltage of 0.5 – 30 kV, a magnification of 130
x~650,000 x and a 5-axis specimen mount. Energy-dispersive X-ray spectroscopy (EDS)
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Figure 14. Schematics of (a) Gold striking on AM SS BP. (b) Gold plating on AM
SS BP.
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was performed with an EDAX Octane plus Silicon Drift Detector in tandem, which
equipped with EDAX's TEAM EDS analysing software. X-ray diffraction (XRD) patterns
were recorded with the Philips X’Pert materials research diffractometer with a 45 kV
accelerating voltage and a 40 mA tube current with Cu Kα (λ = 1.5418 Å) as a radiation
source. The scanning angle ranges from 20 o to 100 o.
ICR test was performed by using a test bed with Wang’s method[43]. A hydraulic press
(3912, CARVER INC.) was used to provide compression pressure which range from 0.72.4 MPa. A micro-ohmmeter (6250, AEMC INSTRUMENTS) with a resolution of 1µΩ
was employed to record the total resistance of the set up. Toray 090 from FuelCellStore
with a thickness of 280 µm and an electrical resistivity of 80 mΩ∙cm was used as LGDLs.
Copper plates were used to connect with CPs.
For all the PEMECs during the in-situ experiments, the CCMs were purchased from
FuelCellsEtc, which contains a membrane made from Nafion® 115, with a 3.0 mg/cm2
Iridium Ruthenium Oxide loaded anode CL, and a 3.0 mg/cm2 Platinum Black loaded
cathode CL. Titanium felts with the thickness of 350 µm and the porosity of 75% were
used as LGDL at the anode side, while Toray 090 carbon papers (CPs) with thickness of
280 µm and porosity of 78% were employed at the cathode side. Machined polyvinyl
chloride (PVC) sheets were used as gasket to seal LGDLs, and two end-plates were
machined from commercial grade aluminium bulk. For the conventional PEMEC (cell 1),
the graphite BPs were used at both the anode and cathode sides, since the anodic
environment is too harsh for SS material, and two machined copper plates were used as
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CD to distribute current to the graphite BPs. The Au-coated AM SS BPs were mounted
into the anode side in AM PEMECs (cell 2 and cell 3), while the cell 2 and cell 3 have the
bare AM SS BP and Au-coated AM SS BP at the cathode side, respectively. It should be
mentioned CDs were not used in AM PEMECs, since the AM SS BPs can serve as both
conventional BPs and CDs. Eight evenly distributed bolts compressed the cell with a torque
of 4.52 N·m. Performance of the cells was carried out using a potentiostat SP-300 chassis
with a 5 V/10 A booster from Bio-Logic.
The corrosion resistances of the Au-coated AM SS and AM SS samples were evaluated
in a three-electrode assembly. The AM SS samples were printed with the same procedures
mentioned before, then polished and amounted by epoxy resin to expose only one side of
the samples, and the active area is 0.4 cm2. Then one sample went through the
electroplating procedures to form a gold protective layer. For the three-electrode assembly,
the sample, a Pt foil, and a reversible hydrogen electrode (RHE) from BASInc served as
the working electrode, counter electrode, and reference electrode, respectively. Both
potentiodynamic and potentiostatic characteristics were gathered using a SP-300 chassis
with a 5 V/10 A booster from Bio-Logic in pH2 H2SO4 solution bubbled with O2 at 22 oC
to simulate the anodic environment in PEMECs.

4.5 Results and discussion
4.5.1 Ex-situ measurements
The BPs right after printing are rough and full of tracks because of the melting pool
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occurred during laser scanning, shown in Figure 15a and Figure 15d. Therefore, a polishing
process is necessary, and the polished surface is smooth as shown in Figure 15b. To use
the SS BP in an anodic environment, the polished BPs are coated with a thin layer of gold
by electroplating to increase the corrosion resistance and the electrical conductivity, shown
in Figure 15c. The Au-coated AM SS BPs are 0.5 cm (thick) × 6.0 cm (long) × 6.0 cm
(wide) with an active area of 5 cm2 after electroplating. The flow channel has a width of 1
mm, and the land has a width of 1 mm and a height of 1 mm. The cross-section of Aucoated AM SS BP is shown in Figure 15e with the corresponding EDS mapping in Figure
15f, which verify the gold-layer thickness of 1 um. The EDS result of AM SS BPs is shown
in Figure 16a, which suggests the iron is the major element, and the element distribution is
almost the same with the standard SS 316 L. Figure 16b shows the EDS of Au-coated AM
SS BPs, and gold accounts for 94.13% of all the elements, which also agree with the
mapping in Figure 16f. Besides, the EDS results of AM SS BPs and Au-coated AM SS
BPs at different spots are consistent, respectively, which means the element distribution in
the BPs are uniform. The XRD patterns of the standard 316L and AM SS BPs are shown
in Figure 16c. Peaks in the Figure 16c indicate there is only SS 316L structure, which is
the same with standard SS 316L, and the metal crystal structure does not change during
laser melting process[59]. In addition, crystal structure of the gold layer by electroplating
is shown in Figure 16d, which demonstrate the peak of Fe is comparatively small compared
to that of Au which also shows the uniformity of Au throughout the surface of Au-coated
AM SS plate, and the amount of Fe is small compared with Au.
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Figure 15. Photos of AM SS BPs (a) after printing, (b) after polishing, (c) and after
electroplating. SEM images of AM SS BPs (d) after printing, (e) cross section of Aucoated AM SS BPs, and (f) the corresponding EDS mapping.
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Figure 16. EDS of AM BP (a) before and (b) after electroplating. XRD images of
(c) AM SS BP and standard SS 316L, and (d) AM SS BP after electroplating.
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During ex-situ ICR tests, the total ohmic resistance includes the ICRs between mating
parts and electronic resistance of each material. For AM SS PEMECs, the CD was excluded
because of the multifunction of AM SS BPs, and the setup of ICR test is shown in Figure
17a. The total resistances in Setups 1 and 2 can be described as:
𝑅𝑅1 = 𝑅𝑅𝐵𝐵𝐵𝐵 + 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵-𝐶𝐶𝐶𝐶 + 𝑅𝑅𝐶𝐶𝐶𝐶 + 𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶-𝐶𝐶𝐶𝐶 + 𝑅𝑅𝐶𝐶𝐶𝐶

(4-5)
(4-6)

𝑅𝑅2 = 𝑅𝑅𝐶𝐶𝐶𝐶 + 2𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶-𝐶𝐶𝐶𝐶 + 2𝑅𝑅𝐶𝐶𝐶𝐶

Where 𝑅𝑅1 and 𝑅𝑅2 are the measured resistances of Setups 1 and 2, respectively, 𝑅𝑅𝐵𝐵𝐵𝐵 ,

𝑅𝑅𝐶𝐶𝐶𝐶 , 𝑅𝑅𝐶𝐶𝐶𝐶 are the electronic resistances of BP, copper electrode, and CP LGDL,
respectively, 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵-𝐶𝐶𝐶𝐶 and 𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶-𝐶𝐶𝐶𝐶 are the ICR between BP and CP and ICR between CP

and copper electrode, respectively. Then the ICR between BP and CP can be expressed as:
𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝑃𝑃-𝐶𝐶𝐶𝐶 = 𝑅𝑅1 − 𝑅𝑅𝐵𝐵𝐵𝐵 −

𝑅𝑅𝐶𝐶𝐶𝐶
2

−

𝑅𝑅2

(4-7)

2

Because the electronic resistance of the CP is relatively small compared with the ICR,
𝑅𝑅𝐵𝐵𝐵𝐵 and 𝑅𝑅𝐶𝐶𝐶𝐶 are neglected [60]. Equation (7) can be reduced to:
𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵-𝐶𝐶𝐶𝐶 ≈ 𝑅𝑅1 −

𝑅𝑅2

(4-8)

2

Since there is a CD at each side of conventional PEMEC, and one electrode of the ohmmeter is connected with the CD, based on the same procedure we can calculate the total
resistance of CD, graphite BP and CP with the equation:
𝑅𝑅𝐶𝐶𝐶𝐶-𝐵𝐵𝐵𝐵-𝐶𝐶𝐶𝐶 ≈ 𝑅𝑅1 −

𝑅𝑅2
2

(4-9)

Then the ICRs of different BPs with the increase of compression pressure are plotted

in Figure 17b. ICR decreases with increasing compression pressure, which is due to the
increase of effective contact area with the increasing pressure ICR is less sensitive to
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Figure 17. Setup schematics for ohmic resistance measurements (Set 1) and ICR
measurements (Set 2). (b) Results of ICR measurements.
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pressure when the pressure is high, because the effective contact area reaches a limit at
high pressure. This also indicates a limit to using pressure to reduce ICR [61]. Most
importantly, the Au-coated SS BPs show much lower IRC than bare AM SS BPs owing to
the softness and high electrical conductivity of Au layer, which offer more effective contact
area with CPs and less oxide scale compared with the SS materials[61, 62]. From the Aucoated AM SS result, the ICR using the Toray CP is about 6.4 mΩ∙cm2 under 1.45 MPa,
which is much lower than the technical target of DOE: 20.0 mΩ∙cm2 , while that of the
bare SS BPs with CP and graphite BP with CD and CP are 22.3 and 27.0 mΩ∙cm2,
respectively. [63] These results indicate that the Au layer can greatly decrease the ICR
between the AM SS BP and CP, which will benefit the performance of PEMECs.
4.5.2 Polarization curves and EIS
To test the overall water splitting performance, the BPs are mounted in PEMECs to record
the polarization curves and electrochemical impedance spectroscopy (EIS). For cell 1
(conventional PEMEC), the graphite BPs were used at both the anode and cathode sides,
and two machined copper plates were used as the CDs. For cell 2 and cell 3, Au-coated
AM SS BPs were mounted to the anode side, while the cell 2 and cell 3 have the bare AM
SS BP and Au-coated AM SS BP at the cathode side, respectively. The polarization curves
for current density from 0 to 2 A/cm2 in Figure 18 are recorded for a scan rate of 100 mA/s
at different temperatures, and the EIS results are scanned from 200 kHz to 30 mHz at 0.2
A/cm2. As expected, the AM PEMECs (cells 2 and 3) show a pronounced improvement of
performance compared with cell 1 in Figure 18a, and the working voltages of cell 1, 2, and
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3 are 1.887 V, 1.752 V, and 1.707 V at 2 A/cm2, respectively. Based on literatures, the total
working voltage of PEMEC consists of theoretical equilibrium open circuit potential,
activation overpotential to overcome the activation energy of the OER and HER on the
catalyst surface, ohmic polarization to overcome the ohmic resistance through the
PEMECs, and concentration polarization to overcome the mass transport limitation
between CCMs and BPs[16, 64, 65]. In Figure 18a, the polarization curves at low current
density region are almost the same for the three cells, which means those PEMECs share
the similar activation overpotential with the same CCMs under same working conditions.
But for 0.3 – 2 A/cm2, the increase in voltage shows a nearly linear behavior, which
indicates the ohmic potential dominates this region, so this improvement in performance is
mainly due to a reduction of ohmic resistance. This reduction of ohmic resistance arises
because the CDs were eliminated and Au layer were added to the AM PEMECs (cells 2
and 3).
Supporting evidence for a reduction of ohmic resistance is found in the EIS plots in
Figure 18c. The leftmost intersection of the EIS curves at high frequency zone (2 kHz) is
the ohmic resistance in the cell, and the rightmost intersection at low frequency zone (~38
mHz) is the total resistance. The difference between ohmic resistance and total resistance
is the sum of activation resistance and concentration resistance[21, 37]. From Figure 18c,
the sum of activation resistance and concentration resistance changes little for different
PEMECs, while the ohmic resistance decreases from 0.198 mΩ∙cm2 for cell 3 to 0.095.
mΩ∙cm2 for cell 1. This suggests that the reduction of ohmic resistance is a significant
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Figure 18. (a) Polarization curves and (c) EIS results of PEMECs with different
cathode plates. (b) Polarization curves and (d) EIS results of PEMECs with AM
integrated plates at different temperatures. The EIS results are recorded at the
frequency range of 200 kHz to 30 mHz.
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contributor to better performance for AM PEMECs
Moreover, cell 3 with Au-coated AM SS BPs at both sides shows a better performance
than that of cell 2 with only an Au-coated BPs at the anode side. This might be because the
Au coating layer reduces the ICR between AM SS BPs and CPs. Although the Au layer is
not required to protect the material from corrosion at the cathode, it can increase the
performance of PEMECs, and will save the feedstock and energy input during large scale
hydrogen production[21]. Thus, the Au coating may be beneficial for the cathode BPs.
The influence of temperature on performance of cell 3 is investigated in Figure 18b,
which shows the cell exhibits a lower voltage at higher temperature. The polarization
curves at low current density region are lower for higher temperature, which suggests a
smaller activation overpotential for higher temperature; at higher temperature, molecules
have higher kinetic energies, and higher catalytic activity[5, 16, 21, 64]. Furthermore, the
smaller slopes of the polarization curves at higher temperature and higher current density
indicate smaller ohmic overpotential and resistances. With the increase of temperature, the
proton conductivity of catalyst layer and Nafion membrane is improved, but also the
components will have a greater thermal expansion, which will lead to higher compression
pressure and lower ICR[48, 66, 67]. And the decease of ohmic resistance is also clearly
shown as the left shift of intersection of EIS curves with X-axis in Figure 18.
4.5.3 Stability
The electrochemical behaviour of the AM SS BPs has been tested in a three-electrode
assembly under simulated situations to investigate the corrosion resistance and stability of
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the Au-coated AM SS BPs. The pH of the working environment of the anode BPs in
PEMECs is about 2, hence, the tests have been performed under acidic (pH = 2) conditions
at 20 oC bubbled with pure O2. The tested samples are the AM SS cuboids with and without
Au coating layers for comparisons. The inserted graph in Figure 19a shows the AM SS
cuboid without Au coating at the center of a cylinder (plastic sample holder).. The
potentiodynamic polarization curves of AM SS cubes are recorded with a scan rate of 1
mV/s. The corrosion potential of the AM SS sample is -0.25 V vs. reversible hydrogen
electrode (RHE) in Figure 19a, followed by a steady passivation due to the oxide layer.
While the Au coating layer provide a remarkable effect on the corrosion performance of
the BPs, the corrosion potential of Au-coated AM SS sample is 0.13 V vs. RHE, which is
much higher than that of bare AM SS sample. Since Au is one of the best corrosion
resistance materials, it can passivate the AM SS substrate and moves the potential towards
close to 0.13 V vs. RHE [60, 68]. The results indicate the Au coating layer provide a good
corrosion resistance for the AM SS samples at high potential in the potentiodynamic tests.
To further evaluate the feasibility of Au-coating on the AM SS plate, potentiostatic
measurements at 1.6 V vs. RHE were conducted to investigate the stability of Au-coated
AM SS sample in a simulated anodic environment for 100 h, as shown in Figure 19b. From
the potentiostatic polarization curves, the current density reduces fast in the initial 1 h
followed by a slight increase and reaches a steady current finally. The initial decrease might
due to the oxidation of other elements on the surface or the dissolution of iron in the acidic
solution, because there are C and Fe in the coated layers, as shown in Figure 19b. Then the
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Figure 19. (a) Potentiodynamic polarization curves of AM SS BPs with and without
Au-coating at a scanning rate of 50 mV/s. And (b) potentiostatic polarization curves
of AM SS BPs with Au-coating over 100 h. Those tests are in pH2 H2SO4 solution
bubbled with O2 at 22 oC.
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Au-coated AM SS sample presents a good stability. Therefore, the Au coating layer can
enhance the corrosion resistance remarkably.

4.6 Conclusions
In summary, stainless steel bipolar plates are printed with the selective laser melting
(SLM), then coated with thin film Au by an electroplating process to promote the corrosion
resistance in an oxygen rich anodic ambient. To the best of our knowledge, this is the first
time that AM SS BPs were used at both the cathode and anode sides for water splitting in
PEMECs. The electrodes with SS BPs printed by AM at both sides possess a much lower
ICR, 6.4 mΩ∙cm2 under 1.45 MPa, and a much lower voltage (higher efficiency), 1.71 V
at 2 A/cm2, compared to conventional electrodes with ohmic resistance of 17.0 mΩ∙cm2
and voltage of 1.887 V under the same operating conditions. The corrosion tests, conducted
in a three-electrode assembly, demonstrate that the Au electroplated AM SS BPs have good
corrosion resistance and good durability for 100 h under simulated acidic and high-voltage
conditions. This research demonstrates that a protective coating enables the application of
additively manufacturing of inexpensive materials on highly integrated PEMECs for low
cost and efficient water splitting and hydrogen production. This approach can also be
applied to other energy conversion devices.
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CHAPTER V
A NOVEL PEMEC WITH 3D PRINTED NON-CONDUCTIVE
BIPOLAR PLATE FOR LOW-COST HYDROGEN PRODUCTION
FROM WATER ELECTROLYSIS
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5.1 Abstract
For establishing the large-scale hydrogen production as energy carrier from water
electrolysis, improving cost-effectiveness and efficiency remains the main challenges. In
this study, we propose a novel proton exchange membrane electrolyzer cell (PEMEC),
consisting of non-conductive bipolar plates (BPs) and thin film liquid/gas diffusion layers
(TF-LGDLs) to reduce the cost and improve the PEMEC performance. The 3D printed
non-conductive BP is manufactured with low-cost polylactic acid (PLA) and is mainly
functioned to distribute the water and gas products. A titanium thin film LGDL (TF-LGDL)
with surroundings is developed for directly transporting electrons from the external power
sources, which changes the electron transport path in the PEMECs. The PLA BP exhibits
an extremely low cost (1/10 of that of the graphite BP), and the hydrogen production rate
per unit BP cost in a PEMEC with PLA BP, is almost 6 times higher than a conventional
one with graphite BPs. More importantly, the PEMECs with PLA BPs can achieve a good
electrochemical performance of 2.21 V at 1 A/cm2under room temperature. A model is also
developed to investigate the impact of the BP resistivity of on the cell performance, and a
threshold value of 0.433 Ω∙cm is also calculated for the selection guideline of conductivity
of BPs material. The easily accessible and low-cost PLA BPs coupled with the new
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electron-conducting path will drive the exploration of plastic materials for economic and
efficient water splitting or other energy conversion devices.

5.2 Introduction
Hydrogen is considered as an environmentally friendly renewable substitute for
conventional fossil energy resources, and has attracted extensive attention, since it can
provide 2.5 times more energy per unit mass than fossil energy, and provide hazard-free
products.[1-7] Nowadays, the hydrogen is mainly generated by steam reforming of fossil
fuel or coal gasification, which will cause toxic gas emission[8, 9]. Water splitting is one
of the most convenient methods for hydrogen production as energy storage from off-peak
electricity and other intermittent renewable energy resources, like wind, solar, and et.al[1015]. Proton exchange membrane water splitting (PEMWS), developed by Russell in 1973,
provides a number of advantages: high purity products, high working current density, and
high operation pressure[5, 16]. So far, the use of H2 as large-scale storage from water
electrolysis has not been established, as a result of high cost of proton exchange membrane
electrolyzer cell (PEMEC) stacks, and high electrical energy cost [17].
In order to commercialize the large-scale hydrogen production via PEMWS, two
approaches can be used to reduce the hydrogen production costs from PEMECs. First of
all, the cost of components need to be decreased, so that the capital expenditure can be
decreased[5, 17]. The conventional PEMEC mainly consists of a catalyst coated membrane
(CCM), two bipolar plates (BPs) and liquid/gas diffusion layers (LGDLs) at anode and
cathode sides, shown in Figure 20[14, 18-23]. At anode side, the water diffuses from BP
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to catalyst layer through LGDL, and is split into protons, oxygen and electrons. Electrons
transport from catalyst layer to BP through the LGDL, and protons transport from anode
to cathode catalyst layer through PEM. At cathode, the electrons transport from BP though
LGDL to catalyst layer, then react with protons to form hydrogen. BPs, also called
separator plates, are one of the most important components in PEMEC stacks. They usually
conduct electrons in through-plane direction, distribute water and product gas to or from
LGDL and catalyst layer, and provide mechanical support for the cells[24, 25]. BPs are
usually made of graphite, stainless steel (SS), and titanium[26]. And the material cost and
manufacturing expenditure make them the most costly components in PEMECs. BPs can
attribute up to 50% cost and 60% weight of PEMECs[15, 17, 27-30]. For a 13 kg/day
Electrolyzer, the stacks account for over half capital cost, and the BPs represent 48% of
the stack cost[31].
With the purpose of reducing the cost of BPs, cheaper materials like aluminum, SS and
copper were used, but those material will be easily corroded at highly oxidative anode
environment[17, 32]. So corrosion resistant coating layers are usually required to protect
those materials. Commonly used coatings for BPs are carbon-based and metal-based
materials. Carbon-based coating materials include graphite, conductive polymer, diamond
like carbon. And metal-based coating materials include noble metals, metal nitrides, metal
carbides[32]. But those coating processes also increase the additional costs of BPs.
Researches tried to fabricate BPs with additive manufacturing (AM) to lessen the cost.
Plastic materials with advantages of high corrosion resistance and cheap price, have
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attracted attentions for the development of BPs. Cronin’s group developed a silver-coated
plastic AM BPs from polypropylene, and Berlinguette’s group introduced nickel onto
composite polylactic acid (PLA) BPs [16, 33]. Those methods provided a light weight and
low-cost manufacturing process, but the coating processes offset it low cost, and the
performance (>2.40 V at 1 A/cm2) was not comparable to that with metallic or graphite
BPs. Zhang’s group proposed AM BPs from SS using selective laser melting[15, 25, 27].
The AM BPs achieved a good performance, and this AM method lessened the weight and
fabrication time of BPs with the capability of producing complex flow channel easily.
Nevertheless, this method still did not break the limit of BP cost as a result of fabricating
with metallic materials. Several other groups tried to produce BPs with carbon-based
composite material for water electrolysis or fuel cell, but those BPs need complex
manufacturing processes, and the brittleness is also a problem[34-36]. Therefore, a BP with
simple manufacturing process and low-cost material is still desirable to lower the price of
hydrogen production.
Second possibility to reduce the hydrogen production costs is improving the
performance and efficiency of PEMECs. In PEMECs, the overall overpotential mainly
includes activation overpotential and ohmic overpotential at the current range of water
electrolysis (0 – 2 A/cm2), and the mass transport overpotential can be neglected[37].
Therefore, one way to improve the performance is to reduce the ohmic resistance,
especially the interfacial contact resistance (ICR)[38, 39]. Yang et.al. integrated BP with
LGDL, current distributor and gasket using selective laser melting. Consequently, ICR
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between those parts were eliminated, and the energy efficiency of the AM PEMEC reached
up to 86.48% at 2 A/cm2 [15, 40]. Kang et.al developed a novel titanium thin/tunable
liquid/gas diffusion layer (TT-LGDL), which also resulted in the reduction of the ohmic
and activation losses during water electrolysis [19, 21]. Also the coating aforementioned
can modify the surface morphology, diminish the ICR between mating parts, and increase
the lifetime of BPs[21, 41, 42]. Another way is to decrease the activation overpotential by
developing novel electro-catalysts. So far, numerous of researches focused on the
development of high-activity electrocatalyst for oxygen and hydrogen evolution reactions,
such as nonprecious metal oxides [43-46]. Even those new invented catalysts can achieve
a good catalytic activity, but the durability is not acceptable, and further researches are still
needed.
In this paper, the purpose is simplifying the BP fabrication process, reducing the BP
cost and enhancing the performance of PEMECs. We developed 3D printed plastic BPs
using fused deposition modeling (FDM) without other post-processes (Figure 20a). The
non-conductive PLA BPs are only used for mass distribution and mechanical support, and
compared with the conductive graphene PLA (CGPLA) BPs. A novel Ti thin film LGDL
(TF-LGDL) was fabricated using wet-etching for electron conducting and mass diffusing
(Figure 20b). Most importantly, the electrons are conducted laterally (in-plane) from
outside to the CL (Figure 20d), while the conventional electron-conducting path is through
the plane of BPs and LGDLs (Figure 20c). Therefore, the PLA BPs are bypassed from the
electron-conducting path, which allow the use of non-conductive PLA as BP material.
121

Figure 20. Schematic of (a) manufacturing non-conductive PLA BP with FDM,
and (b) wet etching process for developing TF-LGDL. Configuration and electronconducting path of (c) conventional PEMEC and (d) PEMEC with PLA BPs.
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From the analysis, the cost of PLA BPs drops to 1/10 of that of the graphite BP. The
PEMEC with PLA BP achieves a relatively low voltage of 2.21 V at 1 A/cm2, and a good
stability with a degradation rate of 1.03 mV/h. In addition, a simulation model is developed
to investigate the impact of resistivity of BPs on the cell performance, and a threshold value
is provided.

5.3 Experimental details
The BPs were designed using SOLIDWORKS 2017, and exported as *.STL files, then
were processed and sliced in Cura 2.0 for printing. For non-conductive PLA BPs, PLA
filament (NFC PLA, Ultimaker) with a diameter of 2.85mm was used in a 3D Printer
(Ultimaker 2, Ultimaker), and the nozzle diameter was 4 mm. The printing was at light
infill (20%) mode, and the printing time is 5 h 58 min. For the CGPLA BPs, CGPLA
filament (GRPHN-PLA, Blackmagic3d) was used at solid infill (100%) mode to enhance
the electrical conductivity, and the printing time is 10 h 16 min. During the printing, the
filaments were supplied into the extrusion nozzle, then melted and extruded on the platform
(Figure 20a). The movement of nozzle at XY direction resulted in the sliced pattern at the
specified height. And the movement of build platform (Z direction) allowed the printing
layer by layer. Other printing parameters included layer height (0.06mm), printing
temperature (195 oC), build plate temperature (60 oC), and printing head speed (60 mm/s).
The surfaces of BPs after printing were rough and not suitable for directly using in
PEMECs, so they were ground with grinding papers (SiC grindings paper #250-2400,
BUEHLER), then polished using Alumina suspensions with 1 um particle (AS1-32, Mark
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V lab) and 0.05µm particle (AS05-32, Mark V lab). The dimensions of printed CGPLA
BPs and PLA BPs were 61×61×5.7 mm. The reaction areas for those BPs were 5 cm2, and
the channel land was 10×1×1mm.
The TF-LGDLs used in the research were produced from 50 µm thick Ti film by using
wet etching method[47-50]. Before the wet etching process, a photomask was needed. The
mask was designed with a CAD/VLSI software (LayoutEditor, layouteditor.net), and
developed using Heidelberg DWL 66 laser lithography system on a soda-lime glass. For
PR coat process (Figure 20b), a cleaned silicon wafer was coated with the photoresist
(MEGAPOSIT™ SPR™ 220, MicroChem), and Ti thin film was bonded onto the
photoresist. For the PR coat/pattern process, the adhesion promoter and the second layer
of photoresist was applied onto the Ti film. After exposing to UV light through the
aforementioned photomask using a Microposit® MF® CD-26 developer (Shipley
Company, Marlborough), the photoresist was patterned. The multilayer material was
etched in HF to form the desired structure. The last step was removal of photoresist. The
TF-LGDLs was 86×86 mm with an etched area at the center. The etched area was 34×34
mm, which has a pore size of 260 µm, a land width of 17.8 µm and a porosity of 87.5%.
Scanning electron microscopy (SEM) images were taken using a field emission SEM
JEOL JSM-6320F with an accelerating voltage of 0.5 – 30 kV, a magnification of 250
x~650,000 x and a 5-axis specimen mount. ICR was measured with Wang’s method, and
a hydraulic press (3912, CARVER INC.) provided a compression pressure of 0.7-2.4 MPa.
The resistances were measured by a micro-ohmmeter (6250, AEMC INSTRUMENTS)
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Table 4. Configurations of different PEMECs.

Number

1

2

3

4

Cell name
C-CGPLA
BP
A/C-PLA
BPs
C-PLA
BP
A/CGraphite BPs

Cathode
BP
CGPLA

PLA

PLA
Graphite
BP

Anode
BP
Graphite
BP
PLA
Graphite
BP
Graphite
BP

Electrons transport path
Cathode

Anode

Through

Through

BP

BP

Along TF-

Along TF-

LGDL

LGDL

Along TF-

Through

LGDL
Through
BP

BP
Through
BP
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with a resolution of 1µΩ. For all the PEMECs during the in-situ experiments, the CCMs
(EZ-CCM, FuelCellsEtc) contained a Nafion® 115 membrane with an iridium ruthenium
oxide anode CL and a platinum black cathode CL with loading of 3.0 mg/cm2. The
configurations of PEMECs used in this paper are listed in Table 4. For all the PEMECs,
the TF-LGDLs with large surroundings were used at both anode and cathode sides. In cell
1, the CGPLA BP and the graphite BPs were incorporated into cathode and anode sides,
respectively, and electrons transported through CGPLA. The dimension of graphite BP was
76.31×76.31×12.70 mm, which is to overcome the brittleness of graphite. In cell 2 (Figure
20d), the non-conductive PLA BPs were mounted into both sides, and electrons transported
through TF-LGDL laterally from the contact points of LGDL and test station electrodes.
In cell 3, non-conductive PLA BP and the graphite BP were incorporated into cathode and
anode sides, respectively. Electrons transported through the plane of graphite BP, while
transported in the plane of TF-LGDL laterally. The cell 4 had the graphite BPs at both
sides, and electrons transported through graphite BPs (Figure 20c). The de-ionized water
was supplied by a diagram liquid pump (SIMDOS 10, KNF Neuberger) with a flow rate of
20 ml/min. Electrochemical performances of the PEMECs were conducted by a
potentiostat SP-300 chassis with a 5 V/10 A booster from Bio-Logic at 20 °C and
atmospheric pressure. The polarization curve results of all plastic PEMECs were gathered
from 0 to 10 A with a scan rate of 100 mA/s, and the voltage limit was 4 V. The EIS scans
of cell 2-4 were swept from 200 kHz to 30 mHz at 0.2 A/cm2, while that of cell 1 was swept
at 20 mA/cm2 due to its large total resistance. The high frequency resistance (HFR) results
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were recorded at a frequency of 3 kHz. A chronopotentiometry technique was used to
investigate the stability of cell 2 at 0.2 A/cm2 for 100 h at 20 °C.

5.4 Results and discussions
5.4.1 Ex-situ analysis
The images of printed BPs and etched TF-LGDL are presented in Figure 21, the CGPLA
is dark (Figure 21a) and solid with no inner structures in the plate (Figure 21d), so as to
enhance the electrical conductivity of the BP. There are cracks appeared at the crosssection in CGPLA (Figure 21g, k) which is a result of delamination during printing. But
this phenomenon is not found at the surface of the CGPLA BP (Figure 21h, f), so the
leakproofness of the CGPLA can be ensured for using as BP. And graphene fibers can be
seen at both cross-section and surface, which enhance the electrical conductivity. The PLA
is in silver color (Figure 21b). And hollow structures can be found from the cut crosssection image (Figure 21e) as a result of the light infill printing mode, and beams are
printed to fill and support the plate. The PLA BP has a smooth surface and demonstrates
no delamination (Figure 21i, j, l, m), which will ensure the leakproofness of PEMECs. The
etched TF-LGDLs (Figure 21c) have a mass and electron transport section (etched area) at
the center, and the outer section (un-etched area) can be used to conduct electron laterally
when the electrode of test station is connected with it. Its square pore size at the center is
260 µm, and its land width is 17.8 µm, which lead to a porosity of 87.5% (Figure 21f, n).
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Figure 21. Printed BPs and etched TF-LGDL. Images of surface of (a) CGPLA BP,
(b) PLA BP, and (c) TF-LGDL. Images of cross-section of (d) CGPLA BP and (e)
PLA BP. (g,k) SEM images of cross-section of CGPLA BP. (h, f) SEM images of
surface of CGPLA BP. (i, l) SEM images of cross-section of PLA BP. (j, m ) SEM
images of surface of PLA BP. (f, n) Microscopy images of TF-LGDL etched area.
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For the weight and cost analysis, the volumes and cost of BP with SS and titanium are
all based on the dimension of plastic BP used in the experiments, which 61×61×5.7 mm,
while the dimension of graphite BP is 76.31×76.31×12.70 mm (in experimental details).
The weights of PLA, CGPLA and graphite are measured in the experiments. And the
relative data of different materials is shown in Table 5. The table demonstrates the PLA
provides the lowest density and volumetric price, but the extremely large electrical
resistivity. CGPLA has the moderate electrical resistivity, but its volumetric price is
relatively high. The highly electrical-conductive materials (SS, Titanium and graphite)
have a much larger density and higher volumetric price.

Table 5. Relative data of different materials for BP manufacturing.

Material

a

Volumetric
pricing (US$∙cm-3)

Density (g ∙cm-3)

Electrical resistivity (Ω·cm)

PLA a

0.058 a

1.147 d

∞

CGPLA b

0.38 b

1.316 d

2.11 d

SS

0.26 c

7.75

6.90×10-5

Titanium

0.32 c

4.51

4.2×10-5

Graphite

0.16 c

2.26

4.2×10-3 d

Dynamism. bBlackmagic3dMc. c From literature[33]. dMeasured.
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The normalized materials cost and weight of bipolar plates with different materials
(Figure 22) demonstrate the possibility of lowing the cost of water electrolysis for hydrogen
production with PLA materials. Considering that the BP attributes up to 50 % cost and 60%
weight of PEMECs [5, 32], the PLA BP would result in a reduction in cost and weight by
half for PEMECs if compared with titanium. Since the cost and weight of metal BPs are
about 6.76 and 5.36 times larger than those of PLA BPs, respectively. The improvements
are even more substantial if compared with graphite. The CGPLA exhibits no advantages
than PLA, since its cost is almost the same as titanium, and even higher than SS. Of interest
is if the PEMEC with PLA BP can present a good electrochemical performance, the
concept of hydrogen production cost will be changed.
5.4.2 Electrochemical full-cell measurements
A series of in-situ electrochemical tests were conducted on cells with the aforementioned
configurations in Table 4. The polarization curves (Figure 23a) show the PEMEC with
CGPLA BP has as progressively increasing voltage, and quickly reaches the voltage limit
(4 V) at ~ 200 mA/cm2. While the PEMECs with A/C – PLA BPs, C-PLA BP, A/CGraphite BPs require much lower voltages (1.66, 1.63, and 1.61 V, respectively) at 200
mA/cm2, and the voltages increases slightly with current density. So the PLA BPs can
deliver a comparable performance with graphite BPs at 200 mA/cm2, room temperature
and atmospheric pressure. The HFR lines (Figure 23c) are consistent with the polarization
curves, and the PEMEC with C-CGPLA BP exhibits an extremely large ohmic resistance
(2.0 Ω), but those of other PEMECs are smaller than 0.1 Ω.
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Figure 22. (a) Normalized materials cost, and (b) weight of BPs.
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This is due to the high electrical resistance of CGPLA as results of high resistivity of
conductive graphene PLA material and the delamination of the printed plate in Figure 23g,
k. The delamination retains the electrical conductivity of the 3D printed parts[51]. So the
high working voltage of PEMEC with CGPLA BP are mainly caused by its high ohmic
overpotential. It can be concluded that even the CGPLA exhibit a smaller electrical
resistance than non-conductive PLA, but it is still not comparable to the metallic materials,
and not suitable as BP material for electron conducting.
Furthermore, the PEMECs with A/C – PLA BPs provides a low voltage of 2.21 V at 1
A/cm2, which is much better than that in literatures (>2.40V) [16, 33]. It needs to be
mentioned that the PLA BPs used here almost do not require other post-processing, which
will decrease the cost and complexity of BP manufacturing, while those in the literatures
are coated with Nickle or silver. For the PEMECs with A/C – PLA BPs, C-PLA BP, A/CGraphite BPs, the graphite BPs deliver a slightly better performance. And the performance
differences among PEMECs with A/C – PLA BPs, C-PLA BP, A/C- Graphite BPs can be
explained in Figure 23d, their HFRs are 95, 79, 57 mΩ at 2 A/cm2, respectively. The
difference between HFRs of A/C – PLA BPs and C-PLA BP is 22 mΩ, and that between
HFRs of C-PLA BP, A/C- Graphite BPs is 16 mΩ. From the ex-situ measurements, the
contact resistance between LGDL and graphite BP is 4 mΩ, and the in-plane resistance
from outer contact point to the center of LGDL is 22 mΩ. Therefore, their difference is 18
mΩ, which is almost consistent with the differences of HFRs (22 and 16 mΩ). And it can
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Figure 23. Electrochemical performance of PEMECs with different BPs. (a)
Polarization curves recorded on PEMECs with CGPLA BP at cathode (gray), PLA
BPs at both sides(cyan), PLA BPs at cathode(red), graphite BPs at both sides(green).
(b) Hydrogen generation rate and normalized hydrogen production rates per unite
BP cost at 2.32 V. (c) HFRs recorded on PEMECs and (d) the corresponded zoomedin graph of (c).
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be concluded that the in-plane resistance is responsible for the slight voltage increase in
PEMECs with PLA BP.
At the constant voltage, the cells have different current density and hydrogen production
rate. The hydrogen production rate can be written as[52, 53]:
𝑛𝑛̇ 𝐻𝐻2 =

𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴
𝑛𝑛𝑛𝑛

(5-1)
𝑇𝑇

𝑣𝑣̇ 𝐻𝐻2 = 𝑛𝑛̇ 𝐻𝐻2 𝑅𝑅𝑢𝑢 𝑃𝑃

5-(2)

Where 𝑛𝑛̇ 𝐻𝐻2 is the mole rate of hydrogen production, 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the current density of cells,

𝑛𝑛 is the equivalent electrons per mole of production (2 electron eq/mol for H2), 𝐴𝐴 is the

reaction area (5 cm2), 𝐹𝐹 is charge carried on one equivalent mole (96485 C/eq), 𝑣𝑣̇ 𝐻𝐻2 is the
volume rate of hydrogen generation, 𝑅𝑅𝑢𝑢 is gas constant (8.314 J/mol/K), 𝑇𝑇 is temperature

(293.1 K), 𝑃𝑃 is pressure (101 kPa).

The hydrogen production rate per unit BP cost is:
𝑣𝑣̇ 𝐻𝐻2

(5-3)

𝑣𝑣̈ 𝐻𝐻2 = 𝑐𝑐

𝑎𝑎 +𝑐𝑐𝑐𝑐

where 𝑐𝑐𝑎𝑎 and 𝑐𝑐𝑐𝑐 are the cost of anode BP and cathode BP, respectively.

Then 𝑣𝑣̈ 𝐻𝐻2 can be normalized based on the value of PEMEC with C-CGPLA BP:
𝑣𝑣̅𝐻𝐻2 = 𝑣𝑣̈

𝐻𝐻2 �

𝑣𝑣̈ 𝐻𝐻2

(5-4)

𝐶𝐶−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐵𝐵𝐵𝐵

where 𝑣𝑣̈ 𝐻𝐻2 �𝐶𝐶−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐵𝐵𝐵𝐵 is the hygrogen production rate per unit BP cost of PEMEC with

C-CGPLA BP.

The calculated results at 2.32 V are gathered in Figure 23 (purple bar), the 𝑣𝑣̈ 𝐻𝐻2 for the

cells is 0.13, 2.64, 3.47, and 4.50 L/h, respectively, and the corresponding 𝑣𝑣̅𝐻𝐻2 is 1, 138.0,
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31.1, 22.0. The PEMEC with C- CGPLA BP presents both the lowest hydrogen production
and hydrogen production rates per unit BP cost. It is shown that the CGPLA BP can not be
directly used as BP material without post-processing. The PEMEC with A/C- PLA BP has
a medium hydrogen production rate, but the highest hydrogen production rates per unit BP
cost, much better than that with A/C-graphite BPs (conventional PEMEC). The PEMEC
with graphite BP provide a moderate hydrogen production rates per unit BP cost, but it is
still 1/6 of that with PLA BP. Therefore, the PLA BP can significantly increase the
hydrogen production rate at a constant capital cost, and also shows its capability of
reducing the large-scale hydrogen production cost.
5.4.3 Stability assessment
In order to assess the stability of PLA BP in PEMECs, Chronopotentiometry measurement
of PEMEC with A/C- PLA BP is conducted at 200 mA/cm2 and 20 oC for 100 h (Figure
24). During the 100 h test, the cell voltage increases from 1.635 V to 1.751V by an average
degradation rate of 1.16 mV/h. But the increasing rate varies with time. At the initial 5 h,
the cell voltage increases from 1.635 V to 1.650V by an average degradation rate of 3.00
mV/h. Because the PLA BPs are not supposed to transport electron, and there are no
electronic resistance and ICR between BP and LGDL. This rapid degrading is seems
related to the oxidization and loss of RuO2 in catalyst layer and degradation of PEM, or
the parasitic currents and capacitor discharge originated form the electronics[15, 17]. In
the next 10 h, it increases to 1.657 V by an average degradation rate of 1.40 mV/h, which
is comparatively stable. In the last 90 h, the cell enter a stable condition with a degrading
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Figure 24. Chronopotentiometry measurements of PEMEC with A/C- PLA BP at 200
mA/cm2 and 20 oC for 100 h.
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of only 1.03 mV/h. If the degradation of PEM and loss and oxidization of catalyst are
excluded from the Chronopotentiometry results, the degradation of PLA BPs will have
limited influence on the stability of PEMEC.
5.4.4 Simulation analysis for BPs with different resistivity
In order to further investigate the electrochemical performance of the PEMECs with
different BPs, and to study the influence of BP resistivity on the cell, situational
computations

will

be

conducted.

A

simulation

model

is

developed

with

MATLAB/Simulink platform (Figure 25a), which consists of variable modules, including
operation conditions module, ohmic resistance module, and overpotential calculation
module[54, 55]. The current density is considered as variable during the polarization curve
modeling (Figure 25b), and BP resistivity is variable during the evaluation of impact of BP
resistivity on the performance of PEMECs (Figure 25c, d). Operation conditions, include
reaction area (5 cm2), pressure (1 atm), temperature (293.1 K), are kept constantly. Other
parameters (Table 6) used in the simulation are based on the dimensions and factors of
components in the experiments. Then the anode and cathode exchange current densities are
varied to tune the mode, so that the simulation will fit the experimental data. The
polarization curves of PEMEC with A/C-Graphite BPs are chose to validated the model
and compared with the simulation results, and the resistivity of the BP is came from that
of graphite, which is 1.5×10-3 Ω∙cm[54]. The green line and pink dots (Figure 25b) shows
they have a good agreement. When simulating the polarization curves of PEMECs with
A/C-PLA BPs and C- CGPLA BP, only the resistivity
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Figure 25. (a) MATLAB/Simulink model schematic of PEMECs with different
BPs. (b) Simulated polarization curves. (c) Simulated cell voltage (red line), and
percentage of voltage for BP resistance in total voltage (dark blue line) vary with BP
resistivity, and (d) corresponded zoomed-in graph of c.
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of BP was adjust to fit the experimental data. The adjusted equivalent resistivity of BPs
with A/C-PLA BPs, and C- CGPLA BP in the cells in Figure 25b are 0.32 and 18 Ω∙cm,
respectively. Those simulated resistivity is agree with those from HFR data, and also
demonstrate this model can be used to investigate the influence of resistivity on cell
voltage.
The current density used during simulation for different resistivity is 1 A/cm2. From
Figure 25c, both simulated cell voltage and percentage of voltage for BP resistance in total
voltage increase with resistivity of BP. At the resistivity range of 0 - 0.1 Ω∙cm, the cell
voltage and percentage increase slightly (1.933- 2.013 V, and 0 – 4.02 %, respectively),
and the BP resistance has limited impact on the performance. The resistivity of metallic
materials and graphite is in this range, which means the resistance of metal and graphite
BP in the PEMECs are neglectable [28, 32, 56]. At the range of 0.1-1 Ω∙cm, they have a
moderate increase (2.013 - 2.713 V, 4.02 - 28.76 %), as a result of incremental proportion
of BP resistance in total resistance. The equivalent resistivity of PEMEC with PLA BP is
in this range. At the range of 1 - 1000 Ω∙cm, they have a rapid increase (> 2.713 V, > 28.76
%), and the performance is not acceptable for hydrogen production.
In order to evaluate the material suitability for BPs, the threshold value of percentage
of voltage for BP resistance is set as 15%, which results in a resistivity of 0.433 Ω∙cm and
a voltage of 2.27 V at 1 A/cm2 (Figure 25). It means that a material can be used for BP
manufacturing, only if its electrical resistivity is lower than 0.433 Ω∙cm, and it will
contribute no more than 15% of cell voltage. So far, the commonly used materials for BP
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Table 6. Parameters for the simulation of PEMECs with BPs with different
resistivity.
Parameters for simulation analysis

Value

PEMEC active area

5.0 cm2

PEM

Nafion 115 with 125 µm thickness

Pressure

101 kPa for both sides

Temperature

293.1 K

LGDL thickness

50µm

LGDL pore size

260 µm

LGDL porosity

87.5%

LGDL electrical resistivity

5.4×10-5 Ω∙cm

CL thickness

15 µm

CL electrical resistivity

Anode: 5.0×10-2 Ω∙cm
Cathode: 1.4×10-3 Ω∙cm [54]

DI water density

1g/cm3

DI water dynamic viscosity

3.55×10-3 N∙s/m2

Exchange current density

Anode: 2×10-12 A/cm2
Cathode: 2.5×10-1 A/cm2

ICR between LGDL and BP(fitted)

22.2 mΩ

Resistivity of BP

Varied from 0 to 1000 Ω∙cm

Faraday constant

96487.0 C/mol
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Table 6 Continued
Parameters for simulation analysis

Value

PEM humidification degree

24 [55]

Charge transfer coefficient

Anode:2
Cathode:0.5 [54]

Current density

Varied from 0 to 2 A/cm2

can reach such a low resistivity, which include iron alloys (< 2× 10-7 Ω∙cm), titanium (<5×
10-7 Ω∙cm), graphite (~10-3 Ω∙cm) and several kinds of composites (3× 10-3 -1 Ω∙cm) [5,
15, 57, 58]. But the conductive plastic materials, even with coating layers, can not reach
such threshold[33]. It is obviously if the PEMEC with A/C-PLA BPs can equipped with
the LGDL with large surrounding, the electron will transport in the plane of LGDL
laterally. Consequently, the PEMEC with A/C-PLA BPs can provide a low BP equivalent
resistivity of 0.320 Ω∙cm, a voltage of 2.186 V, and a percentage of 11.59 %.Those values
are under the threshold for BP materials, and indicate the suitability of PLA BPs and TFLGDLs for low-cost and high-efficiency water electrolysis.

5.5 Conclusion
In summary, a novel PEMEC with non-conductive BPs and TF-LGDLs is developed to
reduce the cost and improve the performance of overall water splitting. The rapidly printed
non-conductive PLA BPs without post-processing (coating, plating, etc.) enable the mass
distribution, and provide mechanical support for the cell. A TF-LGDL with surroundings
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wet-etched with Ti film offers a new electron conduction path, which directly transports
electron into or out of PEMECs laterally. In PEMECs, PLA BPs exhibit an extremely low
cost (1/10 of the graphite BP), and their hydrogen production rate per unit BP cost is almost
6 times higher than that of conventional cell. Furthermore, a relatively low voltage of 2.21
V at 1 A/cm2 under room temperature, and a good stability with an average degradation
rate of 1.03 mV/h are achieved in the PEMEC with PLA BPs. The numerical simulation
helps to connect the resistivity of BPs and the cell performance, then a threshold value of
0.433 Ω∙cm is derived for guiding the selection of BPs material. The accessible and
extremely low-cost BP as well as the good electrochemical performance will open a road
for developing plastic materials for low cost water splitting or energy conversion devices,
such as batteries, solar cells, and fuel cells.
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CHAPTER VI
ADDITIVE MANUFACTURED MICRO-SENSOR FROM SILVER
NANOPARTICLES FOR MEASURING SHEAR STRESS AND
PRESSURE
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6.1 Abstract
Additive manufacturing is considered as a revolution in manufacturing. One of this type of
manufacturing, three-dimensional (3D) inkjet printing is capable of quickly printing
conductive tracks on flexible materials, and have attracted considerable attentions in recent
years. To take advantage of this technology, flexible micro-sensors for measuring shear
stress and pressure are fabricated from silver nanoparticles with digital models by 3D inkjet
printing rapidly. The influence of printing layers and sintering temperature on the chemical
and physical properties of micro-sensors are investigated. Surface morphology and
electrical resistivity are also examined ex-situ. Test results show the thickness and
electrical resistivity of AM micro-sensors deceased significantly as the increase of sintering
temperature, which achieve 1.41 µm and 7.64×10-8 Ω∙m at the sintering temperature of 250
°C, respectively. Furthermore, in-situ experiments are also carried out to investigate the
performance of AM micro-sensors for measuring shear stress and pressure. The novel AM
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micro-sensors provide a new route to the economic and rapid development of shear stress
and pressure sensing.

6.2 Background
Pressure and shear stress are the components of mechanical stress applied on a planar
surface, but most studies have been focused on pressure sensing. Recently, our group has
developed shear and pressure sensors based on microstrip patch antenna technology [1, 2].
These sensors were fabricated from conventional printed circuit boards using the
lithography and chemical etching process, which is time-consuming and inflexible [2-5].
In recent years, 3D inkjet printing, a drop-on-demand (DOD) process, can provide a facile
and low-cost way to produce micro-sensors rapidly. Successful fabrication of those microsensors will accelerate the studies on mechanical stress sensing, which requires small-batch
production of electronics with frequent design changes [6-10]. Due to the high conductivity
and thermal stability, gold and silver nanoparticles. suspensions were widely used in the
research of conductive inks[11-13]. Silver nanoparticles with a diameter below 50 nm have
a significantly lower sintering temperature, typically 160-300°C, compared with the
melting temperature of the bulk material, 963°C [11, 14-16]. Thus, Silver nanoparticles are
suitable to form the micro-sensors on Kapton substrates. Herein, we employed 3D inkjet
printing to fabricate flexible micro-sensors for measuring shear stress and pressure from
silver nanoparticles. The parameters for printing and sintering are discussed, and the
radiation characteristics of the antenna sensors are validated.
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6.3 Current results
An electrically conductive nano-silver ink (Metalon® JS-A102, Novacentrix) is used in
this study, it is characterized as having 40 wt% Ag, viscosity of 8-12 cP, surface tension
25-30 dyne/cm, average particle size of 40-60 nm at 25°C. Polyimide films (Kapton® HN,
DuPont) with thickness of 25 µm are chosen as substrate and preheated to 60 °C before
printing. The printing processes were conducted by a Dimatix materials printer (DMP2831, Fujifilm), as shown in Figure 26. The printer had a 16-nazzle print head, and a 1 pl
disposable piezo ‘‘ink jet” cartridge was utilized. The patterns of micro-sensors were

Figure 26. Photo of 3D ink jet printer.
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designed by AutoCAD 2016 software. Drop Watcher camera system allowed to monitor
the droplets from the print head, as shown in Figure 27. the black line shows the movement
of the droplet. Before printing, the temperature of the vacuum platform was adjusted up to
60 °C, which would accelerate the evaporation of solvent, and the head angle of print head
was set to 2.3° for dropping space of 10 µm.
Micro-sensors were printed with different layers, and dried at 60 °C for 30 minutes in
the printer. The sensors were then sintered at 100 °C, 150 °C, 200 °C and 250 °C, and
compared with un-sintered one, respectively. Figure 28(a) shows the bright AM microsensors with silver films, and Figure 28(b) shows the flexibility of the sensors which can
broaden its usage in different conditions.

Figure 27. Drop watcher view of droplet.
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Figure 28. Flexible micro-sensor.

The Scanning electron microscopy (SEM) images of those sensors in Figure 29 show
the morphology and element distributions of the silver film before and after sintering at
200 °C, the silver nanoparticles in Figure 29a have a clear edge before sintering, but Figure
29b indicates the particles were sintered together and the sphere edge disappeared. Prior to
EDS analysis, the un-sintered sensors were coated with Au to increase its electrical
conductivity. In Figure 29c, EDS analysis of the silver film shown only Ag and slight Cl
left before sintering, and Figure 29d indicates the elements almost remained the same
before and after sintering. The surface profile image of the antenna after sintering at 200
°C were also provided in Figure 30, and the image shows the even and smooth suface of
the antenna. The electrical resistivity and thickness of the micro-sensors with one layer
were measured using micro-Ohmmeter (6250, AEMC) and microscopy (SM2-U,
Olympus), and the results were shown in Figure 31. Test results show the thickness and
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Figure 29. SEM and EDS images of the silver films. (a) SEM image of the silver
films before sintering at 200 °C. (b) SEM image of the silver films after sintering at
200 °C. (c) EDS analysis of the silver films before sintering at 200 °C. (b) EDS analysis
of the silver films after sintering at 200 °C.
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Figure 30. Surface profile image of the antenna after sintering at 200 °C.

Figure 31. Change of resistivity of silver films with sintering temperature.
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resistivity of AM micro-sensors deceased significantly as the increase of temperature,
which achieved 1.41 µm and 7.64×10-8 Ω∙m at sintering temperature of 250 °C,
respectively. This study can be a new guide for future research and development towards
rapidly manufacturing of micro-sensor for measuring shear stress and pressure.
The 3D printed antenna sensor was bonded on a printed circuit board and an SMA
connector was installed. Conductive epoxy was used to connect the pin of the SMA
connector to the micro strip transmission line. A photographic image of the assembled
antenna sensor is shown in Figure 32. The radiation characteristics of the antenna sensor
was measured using a vector network analyzer. As shown in Figure 33, the measured S11
parameter showed two resonant frequencies; one at 5.9 GHz and the other at -7.9 GHz. The
return losses are -11.6 dB and -7.9 dB, respectively. These results are similar as the antenna
sensor fabricated from printed circuit board and thus validate the effectiveness of the 3D
printing technology.
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Figure 32. Antenna sensor bonded on a printed circuit board.

Figure 33. Measured S11 parameter of the antenna sensor.
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CHAPTER VII
2-D CONDUCTIVE MESOPOROUS BI-MATERIAL CATALYSTS
(CMBMCS) ENABLES ULTRA-HIGH REACTION SITES AND
EFFICIENCY FOR OXYGEN EVOLUTION REACTION
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7.1 Graphic abstract
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7.2 Abstract
Highly efficient and robust electrocatalysts with good conductivity, high cost-effectiveness
and low loading are desirable for oxygen evolution reactions (OERs) associated with
renewable energy storage. Here, highly conductive 2-D mesoporous bi-material catalysts
(CMBMCs) were fabricated with advanced manufacturing approaches, which enable the
ultra-high mass activity for OERs. The CMBMCs exhibit an excellent electrical
conductivity (0.54 Ω/□) due to the conductive Au nanolayers (AuNLs), which also allow
the proton transport though the mesopores. Furthermore, the novel structure of the
CMBMCs facilitates the direct investigation of influence of conductivity on OER kinetics,
and enables the establishment of relationship between the conductivity and reaction sites.
The low loading of noble-metal catalysts (0.1195 mg/cm2) can achieve 3 times faster OER
kinetics than the conventional IrO2 catalyst layer (CL).

7.3 Introduction
Power generated from renewable energy sources is widely considered as an alternative to
the carbon-based fuel, which is unrenewable and release excess amounts of carbon dioxide
and other hazardous gases[1-5]. The renewable energies have grown rapidly, for example,
the wind and solar energies increased by 19% and 42% in the last 10 years, respectively[6].
However, they are typically intermittent and undulating, which will cause the
destabilization of electricity grids. Thus, efficient energy storage or conversion systems are
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highly demanded to overcome its intermittence, and hydrogen production from
electrochemical water splitting is a promising method [2, 7, 8].
The oxygen evolution reaction (OER) at anode electrode in water splitting is a four
electron-proton coupled reaction which requires a higher overpotential, and its slow
kinetics greatly limit the hydrogen production [9-12]. So far, breakthroughs have been
made regarding the discovery of perovskites[13], Co, Mo[14], Ni[15] and Fe[12] as the
alternatives, which can break the limitation of scarcity of noble metals, but their
performances, such as the activation kinetics, overpotential, durability, etc. are still not
desirable. At this moment the widely used commercial catalysts are still made of precious
metals, include Ir and Ru, which provide good OER catalytic activity and stability[2, 10,
11, 16]. Nevertheless, their wide applications for hydrogen economy are limited by the
scarcity and the associated high cost.
For proton exchange membrane electrolyzer cells (PEMECs), the OERs only occur on
the “triple-phase boundaries” (TPBs), where contact the electrolyte, water, and electrically
connected catalyst [17, 18]. Furthermore, the in-plane ohmic resistivity of those catalyst
layer (CL) is extremely large (~1000 times) compared to PtB CL for hydrogen evolution
reaction (HER) and metal layers, which limits the electrochemical reaction locations only
in 1D sites (at the edge of liquid and gas diffusion layer (LGDL)), and leads to a waste of
middle regions of the CL and a higher overpotential[18, 19]. The 1-dimensional (1D)
reaction sites need to be enlarged to 2D, so as to increase the volumetric catalyst activity
and reduce the cost. Carbon based materials (graphene and carbon nanotubes (CNTs),
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carbon paper), Ti based materials, Sn based and W-based materials were used as supports
for catalyst, but most researches focused on enhancing

the support–electrocatalyst

interaction [20, 21]. Moreover, for testing conventional electrochemical catalysts, the 3
electrode assembles with a thin film rotating disk electrode (RDE) are usually employed,
and the catalysts are mixed with conductive materials such as carbon[13], or the RDE is
made of glassy carbon[14]. Those methods ignored the impact of resistivity of electrode.
But in real catalytic reactions in full cells, the electrical conductivity of catalysts is essential
for their electrochemical performance, and cannot be neglected. Following this line of
inquiry, developing and investigating conductive catalysts without sacrificing its
electrochemical activity is highly needed. To the best of our knowledge, only few
researches have been done to study the electronic and protonic conductivity of CL.
Herein, a series of new 2-D conductive mesoporous bi-material catalysts (CMBMCs)
were manufactured by using spay printing, sputter coating, and 3D inkjet printing,
subsequently (Figure 34). Instead of using conventional configuration of PEMECs, a
unique coplanar PEMEC was developed to better investigate the reaction and performance
of CMBMCs. The conductive tracks (AuNLs) were laid on the spay printed nafion
membrane, then the CLs were inkjet-printed to cover the conductive tracks. Compared with
the CL without conductive tracks, the highly conductive CLs (as low as 0.54 Ω/□) provide
a larger reaction area and more reaction sites. The relationship between conductivity and
reaction length is also quantitatively investigated via high-speed and microscale
visualization systems (HSMVS). The CMBMCs with ultralow catalyst loading (0.1195
170

Figure 34. Synthetic process and reaction pathway of CMBMCs. (a) Spraying of
nafion membrane, (b) depositing AuNLs with sputter coating, and (c) inkjet printing
of CLs with IrO2 NP ink. (e) Reaction pathway on CMBMCs.
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mg/cm2) can achieve 3 times faster OER kinetics than the conventional IrO2 CL. The
CMBMCs, which integrate the advantages of high electrical conductivity of metals and
high electrochemical catalytic activity of noble metal oxide, are among the most active
catalysts.

7.4 Fabrication method
7.4.1 Synthesis of CMBMCs
For the nafion membrane, 2 ml nafion solution (5%) was mixed with 4 ml IPA, then was
sprayed on the cleaned Teflon (125 um thick, 40mm × 33mm), and subsequently dried to
form a thin layer of nafion membrane. The temperature was 100 ○C for faster evaporating
of IPA. Au nano-layers (AuNL) with a dimension of 0.5 mm × 10 mm were manufactured
using sputtering coating onto the sprayed nafion membrane with a patterned mask. The
thicknesses were controlled by sputtering time, and roughly measured by weighting the
reference Ti foil before and after sputter coating with a microbalance, and then calculated
with gold density. For CL synthesis, IrO2 NP (3151663, FuelCellStore) with the particle
size of ~ 12 nm and surface area of ~ 15 m²/g was used. Typical catalyst inks were prepared
by gently mixing IrO2 NP (100 mg), nafion solution (10 wt%, 100 mg), ethylene glycol (
3 g), and isopropanol (1.5 g). Then the mixtures were sonicated for 2h for fully mixing.
The obtained IrO2 NP ink was loaded into a 10 pL disposable piezo ‘‘inkjet” cartridge with
16-nozzle print head, the nozzles had a diameter of 20 µm. And the ink was printed by
using a Dimatix materials printer (DMP-2831, Fujifilm) with a dropping space of 25 µm
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and a time interval of 180 seconds between each layer. After the fabrication, the CMBMCs
were dried on the paper tray for at least 60 min. For the channel plate, it was designed and
processed using Cura 2.0, followed by printing with 3D printer (Ultimaker 2, Ultimaker)
and ABS filament (Ultimaker NFC ABS - Pearl Gold) in solid infill (100%) mode.
7.4.2 Ex-situ Characterization
Scanning electron microscopy (SEM) performed on a field emission SEM JEOL JSM6320F with an accelerating voltage of 0.5 – 30 kV, a magnification of 250 x~650,000 x
and a 5-axis specimen mount. The electrical resistances were measured using 4-probe
micro-ohmmeter (6250, AEMC INSTRUMENTS) with a resolution of 1µΩ. For
electrochemical investigation of CMBMCs with different thicknesses of AuNLs, the
samples were placed at the bottom of flow channel of 3D printed plate, and a Ti foil stripe
was connect to one side of CMBMCs which were used as anode electrode. All the
electrochemical tests were conducted at room temperature and atmospheric pressure. A
99.95% pure platinum square wire (4582, Surepure Chemetals) with cross-section of 0.5
mm× 0.5 mm was used as cathode catalyst. Then the assembled parts were incorporated
into a cell with clear Acrylic plate. The endplate was opened a window at the center for
direct observation through the Acrylic plate. DI water was supplied into the flow channel
using a diaphragm liquid pump (SIMDOS 02, KNF Neuberger) with a flow rate of 2
ml/min. All tests were conducted at 22 °C and atmospheric pressure. A potentiostat SP300 chassis with a 5 V/10 A booster from Bio-Logic was used to study the electrochemical
performance of those samples. Polarization curves were scanned from 0 to 20 mA/cm2 with
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a scan rate of 50 uA/s. The LSV curves were gathered from 0 to 2.5 V with a scan rate of
10 mV/s. The high frequency resistance (HFR) tests were conducted at 3 kHz. For
visualization, a high-speed camera (Phantom V711) and long working distance optical
system (Infinity K2 DistaMax) were used in the high-speed and micro-scale visualization
system (HMVS). Cyclic voltammetrys (CVs), scanned from 0.9 V to 1.0 V at 5, 10, 20,
40, 60, 80, and 100 mV/s, were used to measure electrochemical surface area (ECSA). The
stability tests were conducted by Chronopotentilmetry technique at 1.25 mA/cm2 for more
than 18 h.

7.5 Results
7.5.1 Ex-situ characterization
We developed a method for fabricating high electrical conductivity catalyst layer with low
catalyst loading via three advanced manufacturing methods (Figure 34). Firstly, a layer of
nafion membrane was spay printed with nafion solution on the Polytetrafluoroethylene
(PTFE) film (Figure 34a), and followed by selectively sputter coating of AuNLs on the
nafion membrane (Figure 34b). The last step was to print IrO2 catalyst ink on the AuNLs
with 3D inkjet printing (Figure 34c), and the CMBMC is shown as Figure 34d. We expect
water molecule can split into electrons, protons and oxygen on IrO2 CL, and then electrons
can be freely transported away by AuNLs, and protons can pass through the mesopores on
AuNLs to reach nafion membrane and move to cathode side easily (Figure 34e). From the
SEM images (Figure 35), it is apparent that 18 um thick Nafion membrane is sprayed
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uniformly on the PTFE film. To control the thickness of Au layer, the coating time was
adjusted, and the thicknesses of sputter coated AuNLs vary from 3 to 197 nm. As shown
in Figure 35a-b, the printed IrO2 CLs are distributed uniformly on AuNLs, and mesopores
are found on catalyst layer, which will facilitate the diffusion of protons and water
molecules.
For a thin enough AuNL (< 5 nm), only discrete Au nanoclusters (AuNCs) will form on
the substrate[22]. When the sputtering time increases, the clusters grow and merge among
adjacent AuNCs, and a transition from the electrical discontinuous to electrical continuous
of metal layers will occurs when the AuNL is thicker than the critical effective film
thickness (≈ 6 nm)[23]. Furthermore, well defined mesopores notably appear along with
the emerging of AuNCs. And the mesopores would promote the transport of proton from
catalysts to the nafion membrane through AuNLs. As the continuously increasing
sputtering duration, the mesopores are reduced, and are blocked by Au crystals[24].
Between completely change from the electrical discontinuous to continuous and transition
from discrete clusters to AuNLs, there should have a transition state which possesses both
electrical discontinuous and discrete clusters. At this state, the Au clusters are connected
together to form a net, but there are still mesoporous gaps among clusters. And electrons
can transport though the Au clusters net, and proton can pass through the Au layer via the
gaps.
The sheet resistance for CMBMCs as a function of the AuNL thickness is shown in
Figure 35d. Initially, the CMBMC-0AuNL (CMBMC with 0 nm AuNL) shows an
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extremely large sheet resistance (~2200 Ω/□) as a result of large electrical resistivity of
IrO2 CL[18]. And CMBMC-3AuNL share almost the same sheet resistance as CMBMC0AuNL, which indicate the 3 nm AuNL does not exhibit electrical conductivity when the
AuNCs are not interconnected. A pronounced change (from 2200 to 32 Ω/□) between 310 nm range of Au NCs thickness is observed. This is due to the transition of AuNLs from
discontinuous to continuous layer, and the AuNLs are thinner than the mean free path (≈
25 nm) of electrons in Au[23, 25].
This phenomenon is also confirmed from the SEM image of AuNLs[23, 24]. With the
continuing sputtering process, the sheet resistance decreased linearly with the Au thickness
due to the increase of cross-section of electron transport path. Eventually, CMBMC
achieves an ultra-low value of 0.54 Ω/□ with 197 nm thick AuNL. The theoretical sheet
resistances calculated with the resistivity of Au (2.20 × 10−8 Ω·m) exhibit smaller values
than those of CMBMCs. This difference is attributed to the roughness of the substrate,
which are not considered during the theoretical calculation. While the real substrate is
sprayed Nafion membrane which have a large roughness, especially at small thickness.
More importantly, the discontinuances of thin AuNLs and limitation of mean free path
for conduction electrons are also not considered during the theoretical simulation[26]. As
shown in Figure 35d, even though the nafion membrane expends after absorbing water
molecule during electrochemical test, the sheet resistances of AuNLs remain almost the
same before and after electrochemical testing, indicating AuNLs are not corroded and have
a good stability in harsh anodic environment.
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Figure 35. Top-view SEM images of CMBMCs with (a) 10 um scale bar and with
(b) 500 nm scale bar. (c) Cross-section SEM image of CMBMCs. (d) Sheet resistances
of CMBMCs with different thicknesses of AuNLs before testing, after testing, and in
theoretical.
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7.5.2 Electrocatalystic water splitting
For the water splitting test, the conventional three-electrochemical cell with electrically
conductive working electrodes, such as 3-electrode cell and half-cell, could not truly reflect
the catalytic performance of catalyst with different electrical conductivity in a real
electrolyzer cell. Therefore, we developed a novel testing station as shown in Figure 39.
The unique coplanar electrodes contain cathode and anode electrodes at the same plane.
The anode electrode is the CMBMC, and the cathode electrode is a 0.5 mm wide square
Platinum (Pt) wire. It needs to be mentioned that the Pt wire has a ultra-low resistivity (~107

Ω∙m) and a large cross-section area, so the influence of resistivity of cathode electrode

can be eliminated in all tests. The electrode sensor adaptors of test station are connected to
the top side of the electrode strip and wire, which allows to investigate the mechanism of
how the current transports and reaction occurs on the CMBMCs. And a cell with flow
channel is 3D printed from plastic PLA filaments for electrodes aligning and mass
transporting. Then the galvanostatic performances of the electrodes at room temperature
and atmospheric pressure are carried out.
As shown by the polarization curves in Figure 36a, the CMBMCs with 0 and 3 nm Au
NLs almost share the same trend, and the performances are much worse than other samples,
even though IrO2 is one of the best catalyst for OER[27]. Interestingly, with the
continuously increasing thickness, lower voltages are achieved with thicker Au NLs below
112 nm, which indicate the better overall water splitting performances. However, when the
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thickness keeps increasing (>112 nm), the performance is weakened even its sheet
resistivity is lower (Figure 35d).
Meanwhile, the activation polarization in the low current density range (< 1.8 mA/cm2)
and the ohmic polarization in the high current density range (> 5 mA/cm2) show different
relationships with Au NLs thickness, which need to be further investigated. According to
the linear sweep voltammograms (LSV) in Figure 36b, the 112 nm Au NL delivered the
smallest overpotential in those samples, and exhibits a smaller onset potential of ≈ 1.45 V.
The current densities at 1.7 V are in the order of 112nm (3.14 mA/cm2) > 36 nm (2.07
mA/cm2) > 197 nm (1.85 mA/cm2) > 10 nm (1.68 mA/cm2) > 5 nm (1.34 mA/cm2) > 3.6
nm (0.55 mA/cm2) ≈ 0 nm (0.57 mA/cm2). This demonstrates the superior electrocatalytic
activity of CMBMC with 112 nm and 36 nm AuNLs compared.
However, the LSV curves do not exclude the influence of ohmic resistance. Therefore,
Tafel plots derived from LSVs results with IR-correction are also investigated (Figure 36c).
The superior OER performance of CMBMC-112 AuNL ( 173 mV dec-1, Figure 36c) is
verified by the Tafel plots than those of 197nm (294 mV dec-1), 10 nm (189 mV dec-1), 5
nm (324 mV dec-1), 3 nm (413 mV dec-1) and 0 nm (429 mV dec-1), which imply the much
faster reaction kinetics. Notably, the Tafel slope for 36 nm (145 mV dec-1) is even smaller
than that for 112 nm, indicates the fastest reaction kinetics.
It is assumed that too thick AuNLs will weaken the OER reaction kinetics, which can
be revealed by an increasing distance between reaction site (catalyst) and nafion
membrane, and by the decreasing mesopores on the AuNLs. It is notable that the CMBMC179

0AuNL shows a much lower catalytic activity than those observed for IrO2 in TES (three
electrodes system)[14]. This is because the CL was usually deposited on the conductive
substrate in the publications[14, 27], which eliminate the effect of ultra-high electrical
resistivity of catalysts, while the high resistivity can significantly reduce the catalytic
activity in the real electrolyzer cell.
To reveal the reason of high catalytic activity of CMBMCs, cyclic voltammetrys (CVs)
scanned from 0.9 V to 1.0 V are used to measure electrochemical surface area (ECSA)[28].
ECSA is calculated based on the CV measurements at different scan rate by extracting the
double-layer capacitance (Cdl). The resulted current density plotted against the scan rate is
shown in Figure 40, and the differences in current density variation (ΔJ = Ja - Jc) at the no
faradic region ( 0.95 V) plotted as a function of scan rate fitted to a linear regression
enables the estimation of Cdl (Figure 36d) [29, 30]. Cdl for CMBMCs with 197, 112, 10, 5,
3, and 0 nm AuNLs is 610, 816, 493, 280, 179 and 208 µF∙cm-2, respectively. During the
estimating of ECSA, we assume it will scale proportionally to the total surface area, The
voltammetric charge, q∗, is calculated by integrating the CV over the whole potential range
[31].
According to equation [16]
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =

𝐶𝐶𝑑𝑑𝑑𝑑
𝐶𝐶𝑠𝑠

(7-1)

Where 𝐶𝐶𝑠𝑠 is the specific capacitance of catalysts, and we use a typical value of 40

µF∙cm2 [14, 16].
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Figure 36. Electrochemical performance of CMBMCs with AuNL thicknesses
range from 0-197 nm in DI water. (a) Polarization curves corresponding to CMBMCs
with different AuNL thickness, clearly indicating the AuNLs can improve the
performance, and an optimal thickness is obtained. (b) LSV plots and (c) the
corresponding Tafel slopes of CMBMCs. (d) Fitting Plots showing the extraction of
Cdl for each type of CMBMCs with differences in current density variation (ΔJ = Ja Jc) at the no faradic region (1.25 V). (e) HFRs recorded at 3 KHz frequency. (f)
Chronopotentilmetry curves of CMBMCs at a constant current density of 1.25
mA/cm2 for 20 h.
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The CMBMCs show the ECSA of 15.3, 20.4, 12.3, 4.5 and 5.2 cm2 for 112, 197, 5, 3,
0 nm, respectively. Therefore, CMBMC-112AuNL processes the most active sites for
OER among all the samples, which is 3 times higher than that of CMBMC-0AuNL and
CMBMC-3AuNL, and the more active sites are responsible for its excellent electrocatalytic
activity.
HFR can provide the information of ohmic resistance of the whole cell at high frequency
(~ 3 kHz), which include the protonic and electronic resistance resistances, and the catalytic
kinetics and concentration overpotential are excluded. With the increase of AuNLs
thickness (0 - 112 nm), it is found that the HFR decreases accordingly (93 - 31 Ω∙cm2) in
Figure 36e. Notably, the increase of HFR is observed when the thickness is larger than 112
nm, this phenomenon is corresponded to the slope of polarization curves at high current
density (Figure 36a). This phenomenon indicates that the overall transport of electron and
proton on the CMBMCs are facilitated with larger thickness in the range of 0 ~112 nm.
Firstly, a lower resistance of the CMBMCs can be obtained with thicker AuNLs. Secondly,
when CL resistance is reduced, and more nafion membrane will take part in the proton
transport from anode side to cathode side, and lead to a smaller protonic resistance in the
nafion membrane, which would be demonstrated by the following section. Notice that the
HFR increases with197 nm AuNLs. Even though the electron conductivity of CMBMCs
was enhanced with thicker AuNLs, the active sites were limited, which lead to the less and
longer proton transport paths from catalyst layer to the nafion membrane through
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mesopores on the AuNL. This further results in a large proton transport resistance and
higher HFR.
Apart from the activity, stability or durability is also a critical criterion to evaluate
catalytic activity of electrocatalysts. The CMBMCs exhibit superior stability as confirmed
by prolonged potentiostatic polarization experiments (fixed at 1.25 mA/cm2 for 20 hours,
Figure 36f). Remarkably, the overpotentials for CMBMC-36AuNL and CMBMC112AuNL remains almost constant for the last 12 h, whereas that for other CMBMCs
increased distinctly. This phenomenon suggests the proper thickness of AuNLs can not
only improve the performance of WE, but also enhance the electrochemical stability. The
good stability is not only due to the stability of IrO2, but also due to the similar sheet
resistance of CMBMCs before and after testing as a result of good corrosion resistance of
Au toward anodic oxidation[32] (Figure 35d).
7.5.3 Visualization and current mapping
To gain further insight into the mechanism of the influence of AuNLs on the catalytic
activity of CMBMCs, visualizations and simulation were conducted. A HMVS was
introduced into the test station, so as to enable direct investigation of the electrochemical
reaction on the CMBMCs, which allows the quantification of reaction area and length.
From the transparent window, the reactions of OER and HER can be visualized by the
generation of oxygen and hydrogen bubbles at anode (CMBMCs) and cathode (Pt wire)
simultaneously at a flow of 2 mL/s and a current of 500 uA. The bubble nucleation or
generation sites have been confirmed to be the electrochemical reaction sites for OER and
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HER[18, 33]. And the local bubble growth rate indicates the intensity of reaction at the
specific region along with the different CMBMCs, so we can quantitatively investigate the
relationship between reaction sites and sheet resistances.
During the simulation and current mapping, we take the electronic resistance on the CL
and the protonic resistance on proton membrane into the circuit (Figure 41), and the
reduction of current along with the CL is equal to the increment of protons or electrons
(Figure 37a). It need to be mentioned that the number of generated protons is equal to that
of generated electrons, and is 4 times as many as that of generated oxygen molecules[1].
The detailed simulation analytical method is provided in our former publication[33]. The
proton current distributions versus distance in CMBMCs with 0, 5, 10 nm AuNLs are
shows in Figure 37b. The proton current on CMBMC-0AuNL drops dramatically from
0.21 mA to almost 0 mA, and that on CMBMC-5AuNL shows a smoother drop. Notably,
a uniform proton current distribution is achieved on the CMBMC-10AuNL, which implies
the OER reaction can occurs all over the CL. The inset of Figure 37b shows the CMBMC10AuNL has a smaller slope, and this confirms the electric current distribution is more
uniform on the 10 nm AuNL. The visualization and current mapping results show a good
agreement in Figure 37c-e. For the CMBMC-0AuNL, the oxygen bubbles only generate at
the very top of the catalyst layer (Figure 37c), and no bubbles are found at other area, that
means the OER reaction do not occur at other area, and most of the catalyst is wasted. This
phenomenon is also found on CMBMC-3AuNL (Figure 42), which also explain the similar
performance of those two samples. Interestingly, the visualization image of
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Figure 37. Simulation and visualization analysis of CMBMCs with different AuNL
thicknesses. (a) Schematic of in-plane current and proton transport on the CMBMCs.
(b) Proton current or generated electron current distribution along the CMBMCs;
the inset of (b) Current density distribution along the CMBMC. Visualization of
distribution of OER reaction sites, and current mapping along the CMBMC-0AuNL
(c), CMBMC-5AuNL (d), and CMBMC-10AuNL (e).
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CMBMC-5AuNL shows the bubbles appeared at the top half part of catalyst layer, even
though its AuNL is only 2 nm thicker than that of CMBMC-3AuNL. However, 5.6 nm
AuNL is still not thick enough for activating all the CL areas on CMBMC. For CMBMC10AuNL, the oxygen bubbles can be observed all over the catalyst layer, which illustrates
all the regions are activated. In the literature, the field-assisted pure water electrolysis only
occurs at the edge of the anode electrode. [32] In our experiments, it needs to be highlighted
that the bubbles can grow not only at the right and left edge of the AuNLs, but also the
center part. This is attributed to the mesopores on the AuNLs, which contributes to
broadened reaction sites by ensuring effective proton transport to nafion membrane, while
the ion transport in the literature is hindered by the silicon nitride film in the literature[32].
If the reaction only occurs at the very top of the CL, which means the electron and proton
transport paths are very limited, and lead to the large resistance. Actually, instead of TPBs,
four-way opened catalysts (FWOCs) are more accurate for the boundary that carries out
the reaction, especially in PEMECs. Since the reaction can only occur on the catalyst that
have four paths for the water molecule-in, oxygen-out, current-in and proton out. Water
molecule-in and oxygen-out paths mean a route to transport liquid and gas mass between
catalyst and surroundings. The current-in path requires a good electrical conductor to the
anode electrode, and the proton-out path means a good proton carrier to the cathode
electrode.
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7.5.4 Performance with different catalyst loadings
CMBMCs have different structures compared to the conventional CL. So the insight into
the influence of catalyst loadings need to be investigated by adjusting the number of
printing layers of IrO2 CL. And the 1, 5, 10, and 20 layers are corresponding to 0.0299,
0.1195, 0.2390, and 0.4780 mg/cm2, respectively, which are much lower than the
commonly used commercial MEA[34, 35]. The electrochemical performances of
CMBMCs with different IrO2 loading are shown in Figure 38. The polarization curves
reveal the Bare AuNL has the poorest performance, and the turning point is at around 2.2
V, which indicates a weak catalytic activity and high overpotential for OER (Figure 37a)
[1]. Ever though the 1 layer CMBMC shows better performance, but it is still no
comparable to those with higher loading. The 5, 10 and 20 layer CMBMCs almost share
the same performance. Extracted from IR-correction LSV (Figure 43), the Tafel slops
confirms the remarkable low catalytic activity of bare AuNL (1040 mV/dec-1), even though
some nanostructured Au materials showed high catalyst activity in several oxidation
reactions (Figure 37b) [36, 37]. And the extremely low IrO2 loading (0.4780 mg/cm2)
results in a sufficient OER performance (225 mV/dec-1) compared with higher loading.
When the IrO2 loading is ultra-low, there will be a non-uniform catalyst layer on the AuNL,
and consequently the catalyst is not enough for OER, which result in larger Tafel slop[35,
38]. Even the Tafel plots for 5 layers (130 mV/dec-1), 10 layers (144 mV/dec-1), and 20
layers (173 mV/dec-1) are similar, the 5 layer CMBMC provide a higher catalytic kinetics
for OER. The proton transport resistance to the catalytic sites located at the surface
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Figure 38. Electrochemical performance of CMBMCs with different IrO2 loadings.
(a) Polarization curves corresponding to CMBMCs with printed layers range from 020. (b) Tafel slopes of CMBMCs extracted from IR-correction LSV plots. (c) HFRs
recorded at 3 KHz frequency. (d) Chronopotentilmetry curves of CMBMCs at a
constant current density of 1.25 mA/cm2 for 18 hours.
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of IrO2 NPs inside the CL is expected to be more prominent in thick electrode, which can
explain the higher Tafel plots for 10 and 20 layer CMBMC [35, 38]. The HFRs in Figure
37c demonstrate the 5 layer CMBMC process the smallest ohmic resistance, and bare
AuNL shows an extremely large value (~ 400 Ohm∙cm2). As proven in the previous section,
the lack of active sites can lead to the less and longer electron and proton transport path,
and further result in a higher HFR. During the Chronopotentiometry test for 18 h, 1 layer
CMBMC shows a worse stability than other electrodes (Figure 37d). Firstly, the high
overpotential at certain current density can lead to a corrosion and oxidization of catalyst
layers. Besides, the AuNL is not well covered by CL with an extremely low loading, so it
will be easily broken as a results of nafion membrane swelling after absorbing water.

7.6 Summary
In summary, we developed a facile method for fabricating 2-D CMBMCs with advanced
manufacturing, which enable the excellent electrical conductivity (0.54 Ω/□) and ultra-high
mass activity for OERs. We also discovered the mesopores on the sputter coated AuNLs
allow the transport of proton from reaction sites to nafion membrane. Moreover, the novel
structure of the CMBMCs facilitates the direct investigation of influence of conductivity
on OER kinetics, thus relationship between conductivity and reaction length is established.
At last, the low loading of noble-metal catalyst (0.1195 mg/cm2) can achieve 3 times faster
OER kinetics than conventional IrO2 CL.
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Appendix

Figure 39. (a) Schematic of the novel PEMEC with coplanar electrodes. (b)
Schematic of the cross-section of the coplanar electrodes.
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Figure 40. Cyclic voltammetrys (CVs) of CMBMCs with a AuNL thickness of 0 (a),
3 (b), 5 (c), 10 (d), 112 (e), and 197 nm (f) scanned from 0.9 V to 1.0 V at different scan
rate.
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Figure 41. Circuit of the electronic resistance on the CL and the protonic resistance
on proton membrane
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Figure 42. Visualization of OERs on CMBMC-3AuNL.

Figure 43. LSV of CMBMCs with different loadings
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CHAPTER VIII
CONCLUSIONS AND FUTURE RESEARCH
In this thesis, advanced manufacturing methods, including selective laser melting, fusion
extrusion, inkjet printing, electroplating, sputtering coating, spray method, have been
employed to facilitate fundamental materials and structure innovations, which significantly
increase the energy-conversion efficiency, and reduce the cost, weight, volume and
component number of PEMECs. Ex-situ and in-situ characterizations were conducted to
comprehensively investigate the performance of synthesized materials and parts.
Numerical simulations and visualizations were also used to reveal the mechanism of the
good performance of those novel PEMECs.
Firstly, the multifunctional and integrated cells with highly complex inner structures,
which served as a combination of several components in PEMECs, were developed from
stainless steel powders with the selective lase melting. To the best of our knowledge, it is
the first time that the PEMEC parts are integrated into one plate for water splitting and
hydrogen production. The structural innovations of the plates provide a fundamental
development for the simplification of PEMECs, which significantly reduce their part
number and weight. Moreover, an excellent performance of 1.716 V is achieved at 80 °C
and 2 A/cm2, which leads to the superior efficiency of 86.48% due to the ultralow ohmic
resistance. Then EIS results are simulated with equivalent electrochemical circuits (EECs)
to characterize the resistance, impedance, and capacitance in AM PEMECs. These results
demonstrate the viability of efficient PEMECs with ultralow ohmic resistances for
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hydrogen production. The AM technology opens the opportunity for optimal
configurations of PEMECs, as well as marks a new step to the development of other energy
conversion devices.
Secondly, to promote the corrosion resistance of stainless steel BPs printed with the
selective laser melting (SLM) in an oxygen rich anodic ambient, we coated the BPs with
thin film Au by an electroplating process. To the best of our knowledge, this is the first
time that AM SS BPs were used at both the cathode and anode sides for water splitting in
PEMECs. The electrodes with SS BPs printed by AM at both sides possess a much lower
ICR, 6.4 mΩ∙cm2 under 1.45 MPa, and a much lower voltage (higher efficiency) of 1.71 V
at 2 A/cm2, compared to conventional electrodes with an ohmic resistance of 17.0 mΩ∙cm2
and voltage of 1.887 V under the same operating conditions. The corrosion tests, conducted
in a three-electrode assembly, demonstrate that the Au-electroplated AM SS BPs have good
corrosion resistance and durability for 100 h under simulated acidic and high-voltage
conditions. This research demonstrates that a protective coating enables the application of
additively manufactured components of inexpensive materials on highly integrated
PEMECs for low-cost, efficient water splitting and hydrogen production.
Thirdly, a novel PEMEC with non-conductive BPs and TF-LGDLs is developed to
reduce the cost and improve the performance of overall water splitting. The rapidly printed
non-conductive PLA BPs without post-processing (coating, plating, etc.) enable mass
distribution and provide mechanical support for the cell. A TF-LGDL with surroundings
wet-etched with Ti film offers a new electron conduction path, which directly transports
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electrons in or out of PEMECs laterally. In PEMECs, PLA BPs exhibit an extremely low
cost (1/10 of the graphite BP), and their hydrogen production rate per unit BP cost is almost
6 times higher than that of a conventional cell. Furthermore, a relatively low voltage of
2.21 V at 1 A/cm2 under room temperature and a good stability with an average degradation
rate of 1.03 mV/h are achieved in the PEMEC with PLA BPs. The numerical simulation
helps to connect the resistivity of BPs and the cell performance, and then a threshold value
of 0.433 Ω∙cm is derived for guiding the selection of BPs material. The accessible and
extremely low-cost BP as well as the good electrochemical performance will open a road
to developing plastic materials for low cost water splitting or energy conversion devices,
such as batteries, solar cells, and fuel cells.
More importantly, we developed a facile method for fabricating 2-D CMBMCs with
advanced manufacturing, which enable the ultra-high mass activity for oxygen evolution
reaction. The CMBMCs exhibit excellent electrical conductivity (0.54 Ω/□) due to the
easily controllable conductive AuNLs. The mesopores on the sputter-coated AuNLs that
allow the transport of proton to nafion membrane were discovered. Moreover, the novel
structure of the CMBMCs facilitates the direct investigation of the influence of
conductivity on OER kinetics, and thus the relationship between conductivity and reaction
length or site is established. The OER kinetics of noble-metal catalysts with low loading
(0.1195 mg/cm2) is three times faster than that of conventional IrO2 CLs, allowing for the
wide application of noble-metals in energy conversion devices.
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In summary, this research demonstrates that AM technologies with other advanced
manufacturing methods have profound potential for the development of high efficiency
and low-cost energy conversion devices and will facilitate the wide application of PEMECs
to build a hydrogen society.
In the future, more complex and delicate LGDLs can be printed with BPs by using
metallic AM technologies in order to increase the reaction area and improve the efficiency
of PEMECs, because the AM SS plate contains a LGDL and a BP in Chapter III has a mass
transport issue as a result of large pore sizes and small porosities. Furthermore, ceramic
components with electrical conductivity can be developed for water splitting by binder
jetting technology, which involves mixing materials of ceramic powders and metal
powders and then going through post-processing, such as pyrolysis. In this way, the cost
of BPs and other components will be reduced. More advanced manufacturing methods,
such physical vapor deposition (PVD), chemical vapor deposition, dry etching, and wet
etching can also be used to fabricate LGDLs and CLs so as to develop new structures of
CL for both OERs and HERs. With the combination of the metallic AM method and 3D
inkjet printing, it would be possible to produce fully integrated PEMECs. If so, the rapid
prototyping of energy conversion devices would be widely applied among the research
community.
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